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AND  THEIR  ROLE  IN  SPHYGMOMANOMETRY 

By 

Frank  Gonzalez,  Jr. 

December,  1974 

Chairman:  Dr.  U.H.  Kurzweg 

Major  Department : Engineering  Sciences 

An  experimental  and  theoretical  study  is  conducted 
to  investigate  the  origin  of  Korotkoff  sounds.  Korotkoff 
sounds  are  produced  by  the  application  of  a pressure  cuff 
( sphygmomanometry ) around  the  upper  arm  during  indirect 
blood  pressure  measurements  and  can  be  heard  distal  to  the 
cuff  using  a stethoscope  (auscultation).  The  onset  and 
disappearance  of  the  sounds  in  relation  to  the  cuff  pres- 
sure are  used  to  indirectly  measure  the  systolic  and  dia- 
stolic blood  pressures.  A complete  understanding  of  the 
sound  producing  mechanism  will  lead  to  a conclusive  eval- 
uation of  the  accuracy  of  the  method.  When  heard  through 
a stethoscope,  the  sounds  consist  of  two  components:  an 
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initial  thumping  sound  and  a subsequent  murmur  which  is 
heard  only  under  certain  pressure  conditions.  The  two 
distinct  signals  produced  by  these  sound  components  are 
observed  on  recordings  employing  filtering  intended  to 
simulate  the  response  of  the  ear. 

An  experimental  analysis  of  the  initial  thumping 
sound  is  undertaken  by  observing  the  pulse  wave  propaga- 
tion in  hydrostatically  compressed  distensible  tubing  and 
by  analyzing  the  effects  of  microphone  placement  and  fil- 
tering on  recordings  made  from  human  subjects.  The  sound 
producing  mechanism  is  linked  to  the  passing  blood  pres- 
sure pulse  wave.  A theoretical  analysis  is  performed  on 
the  transformation  of  the  pulse  wave  under  the  cuff  using 
a continuity  analysis  and  on  the  emergence  of  the  step 
shaped  pulse  wave  distal  to  the  cuff  using  a modified 
"shock"  theory.  Calculated  values  for  the  pressures,  wave 
propagation  velocities,  and  accompanying  flow  velocities 
show  good  agreement  with  experimental  results.  The  mech- 
anism responsible  for  the  thumping  sound  is  found  to  be 
the  audible  vibrations  produced  by  the  sudden  wall  move- 
ment of  the  arterial  wall  and  surrounding  tissue  in  response 
to  passage  of  a pressure  step  wave. 

An  experimental  analysis  of  the  murmur  component 
is  conducted  in  constricted  tubing  in  which  fluid  sounds 
are  detected  via  a stethoscope  and  the  flow  is  observed 

vi  i 


using  a birefringent  fluid.  The  results  indicate  that  the 
onset  of  murmur  sounds  and  the  simultaneous  formation  of 
a turbulent  jet  distal  to  the  constriction  depend  on  a 
critical  velocity  which  is  a function  of  the  unconstricted 
tubing  diameter  and  fluid  viscosity.  An  inviscid  stability 
analysis  of  the  jet  formed  at  the  constriction  shows  that 
a Kelvin-Helmholtz  type  instability  develops,  the  growth 
rate  of  which  is  dependent  on  the  velocity  difference  be- 
tween the  jet  and  surrounding  fluid.  This  is  in  good 
agreement  with  the  experimental  evidence.  From  the  shock 
theory,  the  pressure  conditions  which  produce  velocities 
above  the  critical  value  are  the  same  as  the  pressure  con- 
ditions at  which  murmur  sounds  actually  occur  during  aus- 
cultatory blood  pressure  measurements. 

Using  the  results  from  the  analysis,  the  mechanisms 
for  the  production  of  related  cardiovascular  sounds  ( i . e . , 
vascular  murmurs  and  pistol-shot  sounds)  are  explained, 
and  improvements  on  the  sphygmomanometric  method  are  given. 
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CHAPTER  I 


INTRODUCTION 

The  auscultatory  method  of  indirect  blood  pressure 
measurement  has  been  in  use  since  the  early  1900' s.  Deter- 
mination of  systolic  (maximum)  and  diastolic  (minimum) 
arterial  blood  pressures  using  this  technique  is  dependent 
on  listening  through  a stethoscope  for  the  onset  and  dis- 
appearance, respectively,  of  thumping  sounds  produced  in 
the  artery  distal  to  the  point  of  application  of  a pressure 
cuff.  These  so  called  Korotkoff  sounds  were  first  detected 
by  the  Russian  physician,  Nikolai  Korotkoff,  in  1905  and 
were  used  by  him  as  a new  noninvasive  auscultatory  tech- 
nique. Since  the  discovery  of  the  method,  the  following 
three  lines  of  investigation  have  been  pursued:  (1)  de- 

termination of  the  mechanism  generating  the  sounds,  (2) 
accuracy  of  the  method  for  use  in  blood  pressure  measure- 
ments, and  (3)  the  effect  of  cardiovascular  diseases  on 
the  character  of  the  sounds.  Although  this  is  the  most 
widely  used  method  of  blood  pressure  determination,  the 
exact  cause  of  the  origin  of  the  Korotkoff  sounds  is  still 
not  clear.  This  lack  of  complete  understanding  of  the 
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relation  of  the  sounds  to  the  systolic  and  diastolic 
pressure  is  partly  responsible  for  existing  major  errors 
in  indirect  blood  pressure  measurements  at  diastole 
(Steinfield  et  al . , 1974). 

In  auscultatory  blood  pressure  determination,  a 
pressure  cuff  is  wrapped  around  the  subject's  upper  arm 
and  inflated  to  a pressure  that  will  stop  all  blood  flow 
into  the  lower  arm.  The  cuff  pressure  is  gradually  de- 
creased until  it  equals  the  maximum  blood  pressure  in  the 
arm  (systole),  at  which  point  the  blood  forces 
its  way  under  the  cuff  through  the  brachial  artery  into 
the  lower  arm.  With  each  spurt  of  blood  that  passes  under 
the  cuff,  a thumping  sound  (Korotkoff  sound)  is  heard. 

The  cuff  pressure  at  the  onset  of  the  first  sound  is  the 
approximate  systolic  pressure.  With  continued  reduction 
of  the  cuff  pressure,  the  Korotkoff  sounds  first  increase 
in  intensity  and  finally  muffle  and  disappear.  This  point 
of  disappearance  agrees  reasonably  well  with  the  diastolic 
pressure . 

The  blood  pressure  is  produced  by  the  pumping 
action  of  the  heart,  but  it  and  the  contour  of  the  pres- 
sure pulse  are  determined  by  cardiac  output,  peripheral 
vascular  resistance,  elasticity  of  the  arterial  walls, 
and  blood  viscosity  (Smith  and  Bickley,  1964).  The  maxi- 
mum or  systolic  pressure  occurs  during  contraction  of  the 


3 


left  ventricle  of  the  heart,  when  blood  is  forced  out 
into  the  aorta.  The  minimum  or  diastolic  pressure  occurs 
at  the  end  of  the  heart  cycle  after  the  aortic  valve  has 
closed  and  blood  is  no  longer  entering  the  aorta.  Blood 
pressures  between  100  and  140  mm  Hg  for  systolic  and  be- 
tween 60  and  90  mm  Hg  for  diastolic  are  considered  normal 
(Galton,  1973). 

Blood  pressure  measurement  is  one  of  the  most 
widely  used  diagnostic  tools  in  medicine  today  (Smith  and 
Bickley,  1964).  Besides  being  used  to  determine  the  status 
of  the  circulatory  system,  blood  pressure  variations  are 
also  helpful  in  the  diagnosis  of  kidney,  pulmonary,  endo- 
crine, and  nervous  disorders.  Blood  pressure  is  measured 
either  directly  or  indirectly.  Direct  methods  make  use  of 
pressure  sensing  devices  which  are  inserted  into  the  blood 
vessel  of  interest.  These  methods  are  very  accurate  and 
can  be  monitored  continuously  and  applied  to  most  parts 
of  the  circulatory  system.  However,  they  are  not  as  widely 
used  since  they  run  the  risk  of  infection  and  also  cause 
patient  discomfort.  Indirect  methods,  the  most  common  being 
the  auscultatory  method,  are  the  more  widely  used  since 
they  rely  only  on  a reaction  to  arterial  blood  pressure  that 
can  be  measured  from  outside  the  body. 
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History  of  Blood  Pressure  Measurement 

The  results  of  the  first  blood  pressure  measure- 
ments were  published  by  Stephen  Hales  in  1733  about  100 
years  after  William  Harvey  had  explained  the  mechanics 
of  the  circulatory  system.  In  1834  Julius  Herrison, 
being  interested  in  the  force  of  the  arterial  pulse,  in- 
troduced the  sphygmomanomet ric  method,  a technique  in 
which  the  artery  is  occluded  by  application  of  an  external 
pressure  on  the  surrounding  tissue.  This  principle  of 
occluding  the  artery  was  first  used  to  determine  systolic 
blood  pressure  by  Vierordt , who  in  1855  attempted  to  mea- 
sure blood  pressure  by  placing  weights  on  the  radial 
artery  until  the  pulse  was  obliterated. 

In  1898  Riva  Rocci  devised  the  forerunner  of  the 
modern  sphygmomanometer  by  wrapping  a 5 cm  wide  rubber 
bag  around  the  upper  arm  and  inflating  it  by  means  of  a 
hand  bulb.  The  cuff  pressure  at  which  the  pulse  at  the 
wrist  could  no  longer  be  felt  was  recorded  as  systolic 
pressure.  Using  the  Riva  Rocci  cuff,  Korotkoff,  as  a 
young  Russian  army  medical  officer  in  the  Russo-Japanese 
War,  incorporated  auscultatory  techniques  by  listening  to 
the  artery  just  below  the  cuff  during  cuff  deflation.  The 
appearance  of  the  first  sounds,  which  indicated  passage 
of  part  of  the  pulse  wave  under  the  cuff,  corresponded  to 
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the  systolic  pressure.  Disappearance  of  the  sounds  in- 
dicated free  passage  of  the  pulse  wave.  Thus,  the  minimal 
blood  pressure  within  the  artery  exceeded  the  pressure  in 
the  cuff,  and  the  manometric  figures  corresponded  to  the 
diastolic  pressure. 

The  standard  procedure  used  today  in  making  aus- 
cultatory blood  pressure  measurements  is  first  to  wrap 
the  blood  pressure  cuff  around  the  patient's  upper  arm. 

The  standard  cuff  is  between  12  and  14  cm  wide,  but  narrower 
cuffs  are  usually  used  on  children.  The  cuff  is  connected 
by  tubing  to  an  inflation  device — either  a hard  bulb  or  an 
automatic  pump — and  a pressure  gauge  or  mercury  manometer. 
The  cuff  is  inflated  to  a pressure  at  which  the  brachial 
artery  is  closed  and  a pulse  can  no  longer  be  felt  at  the 
wrist  (about  200  mm  Hg).  The  bell  of  the  stethoscope  is 
placed  just  distal  to  the  cuff  at  the  location  where  the 
brachial  artery  passes  closest  to  the  surface  of  the  skin 
(see  Figure  1—1).  This  area  is  called  the  antecubital 
fossa  and  can  be  located  by  feeling  for  a pulse  before  the 
cuff  is  inflated. 

Once  the  artery  is  occluded,  the  cuff  pressure  is 
gradually  reduced  at  a rate  of  about  2-10  mm  Hg/sec,  while 
one  listens  for  the  Korotkoff  sounds.  When  the  systolic 
blood  pressure  equals  the  cuff  pressure,  the  blood  forces 
its  way  under  the  cuff  and  a dull  thumping  sound  is  heard 
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Figure  1-1.  Anatomy  of  the  Arm  (From 
Spalteholz  and  Spanner, 
1961,  p.  521). 
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through  the  stethoscope,  just  distal  to  the  cuff.  The 
sound  having  a duration  of  about  .02  to  .10  seconds 
(Rodbard  and  Ciesielski,  1961)  is  heard  only  when  the 
artery  under  the  cuff  is  forced  open.  As  the  cuff  pres- 
sure is  reduced,  the  sounds  become  louder.  About  14  mm 
Hg  (Goodman  and  Howell,  1911;  Swan,  1914)  below  systole, 
the  sounds  change  character  and  a longer  murmur-like 
sound  is  heard  subsequent  to  each  thumping  sound.  This 
is  the  second  phase  of  the  Korotkoff  sounds.  After  lower- 
ing the  cuff  pressure  approximately  20  mm  Hg  more  (Goodman 
and  Howell,  1914;  Swan,  1911;  Rodbard  and  Ciesielski, 
1961),  the  murmur  disappears,  but  the  thumping  sound  re- 
mains. This  is  the  third  phase  of  the  Korotkoff  sounds. 
When  the  cuff  pressure  is  lowered  still  further  to  just 
above  diastolic,  the  sounds  become  muffled  (fourth  phase) 
and  then  completely  disappear  (fifth  phase). 

Figure  1-2  illustrates  a schematic  of  the  tem- 
poral relationship  of  the  Korotkoff  sounds  and  their 
phases,  the  pressure  pulse,  and  the  electrocardiogram 
( EKG)  of  a normotensive  subject.  The  width  of  the  sound 
phases  are  those  cited  by  Goodman  and  Howell  (1911)  after 
averaging  a large  number  of  observations  on  normal  sub- 
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Figure  1-2.  Temporal  Relations  of  Korotkoff  Sounds,  Arterial  and  Cuff 
Pressure , and  EKG 
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Errors  in  Blood  Pressure  Measurement 

There  are  three  principal  sources  of  error  in  the 
auscultatory  method:  (1)  lack  of  understanding  of  the 

relation  of  Korotkoff  sounds  to  the  systolic  and  diastolic 
pressures,  (2)  inaccurate  transmission  of  the  cuff  pressure 
to  the  arterial  wall  due  to  the  design  of  the  cuff,  and 
(3)  physiological  factors  that  alter  the  intensities  and 
duration  of  the  sounds.  The  onset  of  sounds  is  generally 
accepted  as  a good  estimate  for  the  systolic  pressure,  and 
in  numerous  investigations  there  is  good  agreement  between 
true  systolic  and  auscultatory  measurements  (Ragan  and 
Bordley,  1941;  Holland  and  Humerf elt , 1964;  London  and 
London,  1967a;  Raftery  and  Ward,  1968).  The  discrepancy 
occurs  during  the  determination  of  diastolic  pressure. 

There  is  a controversy  over  whether  the  fourth  (muffling) 
or  fifth  (complete  silence)  phase  of  the  sounds  should 
be  used  as  the  index  for  the  determination  of  diastole. 
Since  1939,  three  different  committees  have  been  set  up  to 
determine  the  best  criteria  for  diastole,  but  their  de- 
cisions have  wavered  between  these  two  phases  of  the 
sounds  (Bordley  et_  al . , 1951;  Kirkandall  et  al . , 1967). 

The  decisions  of  the  committees  were  based  on  accuracy  and 
consistency  of  the  measurements.  The  reason  for  the  in- 


decision is  that,  even  though  the  onset  of  the  fifth 
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phase  is  more  accurate,  the  onset  of  the  fourth  phase 
yields  more  consistent  measurements  since  the  occurrence 
of  the  fifth  phase  depends  on  one ' s threshold  of  hearing 
and  ambient  noise  levels.  Studies  comparing  true  dia- 
stolic with  the  fourth  and  fifth  phases  of  the  ausculta- 
tory method  show  that  the  onset  of  the  fourth  phase  occurs 
from  12  to  20  mm  Hg  above  true  diastolic,  whereas  the 
fifth  phase  only  occurs  4 to  10  mm  Hg  above  diastolic 
(London  and  London,  1967b). 

The  width  of  the  cuff  in  relation  to  the  arm  cir- 
cumference has  a great  effect  on  the  accuracy  of  blood 
pressure  readings--this  effect  being  especially  noticeable 
in  very  young  and  also  in  obese  persons.  Steinfield 
et  al . (1974)  in  analytical  studies  have  concluded  that  a 
minimal  ratio  of  cuff  width  to  arm  diameter  of  1.2  was 
necessary  for  the  artery  to  feel  the  full  effect  of  the 
cuff  pressure.  In  investigations  in  which  the  cuff  size, 
arm  circumference,  and  pressure  pulse  contour  were  studied 
in  relation  to  the  accuracy  of  the  auscultatory  method 
(Ragan  and  Bordley,  1941;  Karvonen  et  al . , 1964),  results 
show  that,  for  small  arms,  auscultatory  measurements  were 
too  low  and  for  large  arms  the  measurements  were  too  high 
when  the  same  size  cuff  was  employed.  Narrow,  peaked 
arterial  pulses  caused  the  auscultatory  measurements  to 
be  low,  while  wide,  full  pulses  made  the  measurements  too  high. 
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The  counteracting  effects  of  a full  pulse  in  a narrow 
arm  or  a peaked  pulse  in  a wide  arm  resulted  in  almost 
perfect  agreement  of  auscultatory  and  intra-arterial 
measurements . 

Besides  physiological  factors  which  narrow  or 
widen  the  pulse  shape  and  affect  auscultatory  measurements, 
there  are  two  major  auscultatory  phenomena  which  result  in 
grossly  inaccurate  readings.  These  are  the  auscultatory 
gap  and  pistol-shot  sounds.  The  auscultatory  gap  effects 
only  systolic  readings,  and  measurements  40  mm  Hg  lower 
than  true  systolic  are  not  uncommon.  Most  prevalent  in 
hypertense  persons,  this  gap  is  a phenomenon  in  which  the 
first  Korotkoff  sounds  (around  systole)  are  heard  as 
usual,  but  soon  disappear  and  do  not  reappear  until  the 
cuff  pressure  has  been  reduced  about  30  mm  Hg.  If  the 
cuff  is  initially  inflated  to  a pressure  in  the  silent 
region  of  the  gap,  upon  deflation,  the  reoccurrence  of 
sounds  will  be  mistaken  as  the  first  sounds,  resulting  in 
very  low  systolic  readings. 

Pistol-shot  or  spontaneous  sounds,  which  are  simi- 
lar in  character  to  Korotkoff  sounds,  are  periodic  sounds 
heard  in  peripheral  arteries  in  persons  having  aortic  in- 
sufficiency and/or  a large  stroke  volume  (McKusick,  1958). 
The  sounds  occur  at  the  time  of  passage  of  the  pulse  wave, 
and  their  presence  can  result  in  a diastolic  auscultatory 
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reading  of  0 mm  Hg.  During  the  deflation  cycle  of  the 
cuff,  the  pistol-shot  sounds  continue  to  be  heard  after 
the  Korotkoff  sounds  disappear  and  are  audible  even  after 
the  cuff  has  been  completely  deflated,  causing  the  dia- 
stolic pressure  to  appear  to  be  zero. 

It  is  the  purpose  of  this  investigation  to  deter- 
mine the  mechanism  producing  the  Korotkoff  sounds  as  heard 
through  a stethoscope.  Determination  of  this  mechanism 
should  help  resolve  the  problem  of  which  sound  phase  should 
be  used  as  the  diastolic  index  and  should  also  offer  a 
reasonable  guide  to  minimize  errors  due  to  cuff  design  and 
physiological  anomalies. 


CHAPTER  II 


HISTORICAL  DEVELOPMENT  OF  EXPERIMENTS  AND  THEORIES 

The  mechanisms  thought  to  produce  the  Korotkoff 
sounds  have  generally  fallen  into  two  major  groups:  fluid 

phenomena  and  wall  movements.  Under  fluid  phenomena,  the 
sounds  are  thought  to  be  produced  in  the  fluid  itself  due 
to  such  mechanisms  as  cavitation,  water  hammer,  vortex 
shedding,  and  turbulence.  The  walls  generally  play  a pas- 
sive role  in  these  theories  and  act  merely  as  a medium 
through  which  the  vibrations  in  the  fluid  are  transmitted 
to  the  stethoscope.  The  wall  movement  mechanisms  hypothe- 
sized are  flutter  of  the  wall  due  to  a Bernoulli  effect 
and  wall  instability  leading  to  oscillations.  In  these 
mechanisms  the  sounds  are  produced  by  oscillations  gener- 
ated by  the  walls  themselves,  and  therefore,  the  frequen- 
cies of  vibration  are  related  to  the  elastic  properties  of 
the  arteries. 

Most  of  the  early  theories  were  speculative,  with 
little  experimental  or  theoretical  backing.  Later,  the 
hypotheses,  especially  those  which  were  fluid  based,  were 
tested  in  tubing,  arterial  segments,  and  finally 
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anesthetized  dogs.  Due  to  technological  advancements, 
such  as  intra-arterial  pressure  transducers  and  micro- 
phones, high  speed  recordings,  cinef luorographic  filming 
techniques,  and  Doppler  meters  for  noninvasive  velocity 
measurements,  the  hypotheses  could  be  tested  in  humans 
and  better  insight  into  the  sound  producing  mechanisms 
could  be  made. 

The  list  of  principal  investigators,  their  approach 
to  the  problem,  and  final  conclusions  are  given  in  Table 
2-1.  A more  detailed  description  of  each  study  given  can 
be  found  in  the  chapter. 

Early  Investigations 

Korotkoff  (1905)  proposed  the  first  theories  on 
the  mechanisms  producing  the  sounds  in  auscultatory  blood 
pressure  techniques.  During  deflation  of  the  cuff,  Korot- 
koff noted  that  there  were  three  sound  phases:  first,  short 

tones  near  systolic,  then  murmurs  during  intermediate  pres- 
sures, and  finally  tones  again,  which  disappeared  at  pres- 
sures that  he  postulated  were  near  diastolic.  (Since  then, 
the  third  phase  has  been  split  into  two  phases.)  He  attri- 
buted the  tones  to  the  snapping  open  of  the  walls  caused 
by  a wave  of  blood  slipping  through  the  artery  when  its 
pressure  was  greater  than  that  of  the  cuff.  The  murmur 
was  thought  to  be  due  to  compression  of  the  artery  by  the 
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Table  2-1.  Summary  of  Previous  Investigations  on  Korotkoff 
Sounds 


Investigators 

Approach 

Conclusions  on  Sound 
Mechanism 

Korotkoff  (1905) 

Experimental 

Snapping  open  of  walls 
Compression  murmur* 

Erlanger  (1916) 

Experimental 

Waterhammer 

Erlanger  (1921) 

Experimental 

Steepening  pulse 

wave 

Bramwell  (1925) 

Experimental  & 
theoretical 

Steepening  pulse 

wave 

Korns  (1926) 

Experimental 

Waterhammer 

Rodbard  (1953) 

Experimental 

Wall  flutter* 

Lange  et  al . 
(1956) 

Experimental 

Energy  released 
rapid  changes  in 
ity  profile 

from 

veloc- 

Kositskii  (1958) 

Experimental  & 
theoretical 

Impact  of  blood 
wal  1 

Turbulence* 

against 

Bruns  (1959) 

Experimental 

Vortex  shedding* 

Fruehan  (1962) 

Experimental 

Vortex  shedding* 

Meisner  & Rush- 
mer  (1963) 

Experimental 

Turbulence 

♦Mechanism  producing  the  murmur  phase 
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Table  2-1  (continued) 


Investigators 

Approach 

Conclusions  on  Sound 
Mechanism 

Chungcharoen 

(1964) 

Experimental 

Turbulent  jet 

Anliker  & Raman 
(1966) 

Experimental 

theoretical 

& 

Wall  instability 

McCutcheon  & 
mer  (1967) 

Rush- 

Experimental 

Sudden  Wall  movement 
Turbulent  jet* 

Beam  (1968) 

Experimental 

theoretical 

& 

Steepening  pulse  wave 

Tavel  et  al. 

(1969) 

Experimental 

Response  of  wall  to 
pressure  wave  front 
Turbulent  jet* 

Ur  & Gordon 

(1970) 

Experimental 

Wall  flutter 

Brookman  et 

al  . 

Experimental 

No  conclusion  except 
that  artery  played 
passive  role 

Sacks  et  al . 

(1971) 

Experimental 

Turbulence* 

^Mechanism  producing  the  murmur  phase 
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cuff,  and  the  final  tones  were  thought  to  be  produced  by 
the  separating  walls  again.  Korotkoff  believed  that  the 
cuff  pressure  at  diastolic  coincided  with  the  disappearance 
of  the  sounds  because  the  arterial  pressure  at  that  point 
became  greater  than  the  cuff  pressure  allowing  free  pas- 
sage of  the  pulse  wave. 

Erlanger  (1961b)  performed  a number  of  experiments 
on  in  vivo  dog  arteries  compressed  in  a glass  pressure  cham- 
ber. He  believed  the  sounds  were  produced  by  a water  hammer 
effect  in  which  the  moving  column  of  blood  "strikes  the  stag 
nant  blood  in  the  uncompressed  artery  below  [the  cuff]  and 
distends  the  artery  there  so  as  to  give  rise  to  sound."  (p. 
125)  After  studying  the  movements  of  the  arterial  walls, 
Erlanger  (1921)  discarded  the  water  hammer  theory  and  attrib 
uted  the  cause  of  the  sounds  to  the  preanacrotic  breaker — 
a phenomenon  in  which  the  pulse  front  steepens  due  to  the 
effect  of  the  flattened  artery  under  compression.  He  main- 
tained that  the  sounds  were  produced  at  the  point  where  the 
steepened  wave  had  become  fully  developed  and  the  arterial 
walls  experienced  a sharp  shock.  Bramwell  (1925)  continued 
Erlanger 's  line  of  investigation,  studying  the  development 
of  pulse  waves  in  rubber  tubing.  His  results  confirmed 
Erlanger 's  beliefs,  in  which  the  pulse  wave  developed  into 
a "shock"  at  one  point  along  its  path,  and  related  the 
distance  required  for  "shock"  development  to  the  pressure 
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in  the  tube. 

Korns  (1926)  was  one  of  the  first  investigators 
to  compile  data  obtained  from  human  subjects.  His  results 
were  based  on  analysis  of  sound  recordings  and  his  conclu- 
sions were  in  support  of  Erlanger's  original  hypothesis 
that  the  sounds  were  produced  by  a water  hammer  effect. 

He  also  maintained  that  eddies  or  whorls  did  not  contribute 
to  sound  production  and,  therefore,  division  of  the  sounds 
into  phases  was  unwarranted. 

At  this  point  in  the  development  of  the  theories 
of  sound  production,  most  investigators  seemed  to  be  satis- 
fied with  the  existing  theories.  They  agreed  that  Korot- 
koff  sounds  were  produced  by  fluid-wall  interactions  alone, 
but  the  cause  of  the  murmur  in  the  second  phase  was  gen- 
erally ignored.  The  new  lines  of  investigation  pursued 
were  (1)  the  determination  of  the  accuracy  of  the  readings 
and  (2)  the  physiological  causes  for  alterations  of  the 
sounds.  With  the  development  of  intra-arterial  measure- 
ment devices,  the  auscultatory  readings  could  be  compared 
with  direct  readings,  and  these  comparative  studies  were 
quite  successful.  The  second  group  of  investigators  studied 
what  effects  various  cardiovascular  diseases  had  on  the 
character  and  duration  of  the  sound  phases  in  hope  of 
using  the  sound  alterations  to  diagnose  the  diseases.  Of 
particular  interest  was  the  auscultatory  gap.  Mudd  and 
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White  (1928)  were  one  of  the  first  investigators  of  the 
gap  and  found  this  phenomena  in  persons  having  hyperten- 
sion or  aortic  stenosis.  The  cause  for  the  gap  was  not 
known  but  some  of  the  important  factors  related  to  it 
were  the  decrease  in  pressure  gradient  between  upstream 
and  downstream  pressure,  the  shape  of  the  pulse  wave,  and 
peripheral  vascular  resistance. 

Modern  Investigations 

The  first  major  studies  on  wall  phenomena  were 
begun  by  Rodbard  (1953).  By  studying  the  flow  in  collap- 
sible tubes  with  an  applied  external  pressure,  he  observed 
a flutter  of  the  wall  due  to  a Bernoulli  effect.  He  noted 
that  the  frequency  of  vibration  of  the  walls  was  in  the 
audible  range  under  certain  flow  and  pressure  conditions, 
and  therefore,  suggested  that  the  murmurs  in  the  second 
phase  were  due  to  this  flutter  effect.  He  also  observed 
that  the  flow  through  the  artery  was  related  to  the  dura- 
tion and  intensity  of  the  Korotkoff  sounds. 

Lange  et.  al  . were  one  of  the  first  investigators  to 
study  the  mechanisms  of  "pistol-shot"  sounds  and  suggested 
that  the  mechanism  was  related  to  that  producing  Korotkoff 
sounds.  After  simultaneously  recording  intra-arterial 
pressures  and  external  sounds  on  persons  exhibiting  pistol- 
shot  sounds,  he  concluded  that  both  Korotkoff  and  pistol-shot 
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sounds  were  produced  by  energy  released  as  a result  of 
rapid  changes  in  flow  from  one  velocity  profile  to 
another . 

Using  high  speed  recording  equipment,  Kositskii 
(1958a)  was  able  to  observe  the  structures  of  the  sounds 
and  differentiate  the  tone  and  murmur  components.  He  ob- 
served that  the  tones  arose  at  the  time  the  first  portion 
of  blood  passed  under  the  cuff  and  theorized  that  the 
violent  impact  of  moving  blood  against  the  fluid  and  the 
arterial  wall  beyond  the  cuff  caused  the  development  of 
the  tones.  He  attributed  the  murmurs  to  eddying  movement 
of  the  blood. 

Bruns  (1959)  analyzed  the  causes  of  murmurs  by 
studying  the  sound  frequencies  of  flow  through  various 
sized  constrictions  in  tubing  and  dog  aortas.  He  concluded 
that  murmurs  produced  by  a constriction  in  the  flow  were 
caused  by  vortex  shedding  and  developed  an  empirical  for- 
mula relating  sound  frequencies  to  flow  velocities  for 
orifice  flow  in  straight  tubes.  Fruehan  (1962)  continued 
Bruns'  work  performing  extensive  experiments  in  which  he 
compared  velocity  and  frequency  relationships  in  orifice 
flow.  His  work  confirmed  Bruns'  results. 

Meisner  and  Rushmer  (1963)  thought  the  sources  of 
cardiovascular  sound  were  due  to  fluid  phenomena  and 
studied  the  generation  o I'  vibrations  caused  by  flow 
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disturbances  through  distensible  tubing.  They  observed 
the  flow  patterns  of  birefringent  fluids  through  polar- 
izers and  compared  the  frequency  spectrum  of  the  light 
intensity  fluctuations  with  the  frequency  spectrum  of 
the  wall  vibrations  of  the  tubing  through  which  the  fluid 
passed.  Their  results  showed  that  vibration  spectrum 
from  the  wall  and  from  the  fluid  appeared  very  similar, 
but  the  wall  vibrations  depended  much  more  upon  the  elas- 
ticity of  the  wall  than  on  the  driving  forces. 

Chungcharoen  (1964)  studied  the  fluid  mechanisms 
of  the  production  of  Korotkoff  sounds  using  anesthetized 
dogs.  Employing  cinef luorographic  techniques,  he  observed 
the  flow  patterns  and  calculated  the  velocities  of  radio- 
paque droplets  injected  into  the  compressed  artery  and 
also  into  a constricted  glass  tube  replacing  an  arterial 
segment . He  observed  turbulence  at  Reynolds  numbers  be- 
tween 336  and  529  and  heard  sounds  distal  to  both  the  com- 
pressed artery  and  constricted  glass  tube.  He  concluded 
that  Korotkoff  sounds  were  generated  by  turbulent  blood 
flow  and  that  the  artery  played  only  a passive  role  in 
sound  production. 

Anliker  and  Raman  (1966)  made  a theoretical  analy- 
sis of  the  sounds  at  diastole,  accompanying  the  theory 
with  experimental  data.  The  theory  indicated  a wall  in- 
stability induced  by  the  cuff  and  dependent  on  cuff  length, 
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wall  thickness,  and  elasticity  of  the  vessel. 

McCutcheon  and  Rushmer  (1967)  approached  the 
problem  by  studying  the  geometry  and  movements  of  tubing 
and  arteries  under  compression,  first  by  making  measure- 
ments in  a pressure  chamber,  then  by  filming  cineangio- 
grams  of  radiopaque  dye  injected  in  the  subclavian  arter- 
ies of  anesthetized  dogs.  Finally,  casts  were  made  of 
the  compressed  canine  arteries  using  a polyester  resin 
injected  into  the  arteries  either  before  or  after  com- 
pression. From  these  experiments  they  concluded  that  rub- 
ber tubing  or  arteries  in  pressure  chambers  did  not  accu- 
rately simulate  the  artery  iji  vivo , and  that  the  arteries 
not  only  flattened  under  compression , but  also  tapered 
with  marked  reduction  in  circumference.  Their  second  set 
of  experiments  consisted  of  measuring  blood  velocities 
and  the  movements  of  the  arterial  walls  under  the  cuff 
using  a transcutaneous  Doppler  flow  detector,  while  simul- 
taneously recording  sound.  These  results  showed  that  the 
sounds  occurred  at  the  time  of  rapid  wall  movements  and 
that  the  maximum  flow  velocities  under  the  cuff  did  not 
occur  until  later  in  the  cycle.  They  concluded  that  the 
sounds  are  made  up  of  two  components,  the  initial  tapping 
sound  "due  to  an  acceleration  transient  produced  by  abrupt 
arterial  wall  distension  as  a jet  of  blood  surges  under 
the  cuff  into  the  distal  artery,"  and  a compression  sound 
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"most  likely  a noise  produced  by  the  turbulent  jet  distal 
to  the  compressed  arterial  segment." 

Beam  (1968)  developed  the  theory  to  Erlanger's 
preanacrotic  breaker  hypothesis.  Using  Langrangian  coor- 
dinates, he  modeled  flow  through  a collapsible  tube  under 
pressure  and  calculated  the  critical  length  for  which  the 
wavefront  would  sharpen  to  an  infinite  slope.  He  con- 
cluded that  the  sound  was  due  to  the  response  of  the  ar- 
terial wall  to  the  sharp  wave  passing  it. 

By  inserting  a needle  equipped  with  a pressure 
transducer  and  microphone  in  the  brachial  artery  of  ten 
subjects,  Tavel  et  al.  (1969)  simultaneously  measured 
the  direct  arterial  pressure  and  intravascular  sounds  dis- 
tal to  the  blood  pressure  cuff  during  deflation.  By  moving 
the  needle  along  the  artery,  measurements  were  also  made 
proximal  and  beneath  the  cuff.  During  their  studies,  they 
noticed  that  the  Korotkoff  sounds  always  occurred  at  the 
time  of  the  maximum  pressure  rise  and  that  sounds  were  heard 
only  distal  to  and  beneath  the  cuff.  They  concluded  that 
the  steep  pressure  wave  front  set  the  arterial  wall  into 
vibrations,  producing  the  tapping  sound,  and  the  compres- 
sion murmur  was  related  to  turbulence  of  a high  velocity 
jet  through  the  constricted  segment. 

Ur  and  Gordon  (1970)  sought  to  compare  turbulence 
with  wall  flutter  as  a possible  mechanism  of  Korotkoff 
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sounds.  Performing  model  studies  using  arterial  seg- 
ments and  later  repeating  the  experiments  on  the  fore- 
limbs of  greyhounds,  they  observed  oscillations  similar 
to  those  observed  by  Rodbard.  The  oscillations  and  sound 
appeared  spontaneously  whenever  the  flow  and  pressure 
levels  were  above  a certain  threshold.  They  recorded 
frequencies  of  oscillations  in  the  12-50  Hz  range  in  their 
models,  and  with  successful  reproduction  of  the  oscilla- 
tions in  the  forelimbs,  concluded  that  the  wall  motion  was 
the  active  element  in  production  of  sounds. 

Brookman  et  aT.  (1970),  in  a mechanical  system 
closely  simulating  the  pressures  and  dimensions  of  the 
upper  arm  in  man,  sought  to  determine  whether  the  vessel 
wall  played  an  active  or  passive  role  in  the  production  of 
sounds.  After  comparing  the  predominant  sound  frequencies 
in  the  arterial  segment  with  the  elasticity  of  the  artery 
used,  the  results  were  contrary  to  what  would  be  expected 
in  accordance  with  the  law  of  stiffness.  They  concluded 
that  the  artery  played  only  a passive  role  in  sound  pro- 
duction . 

In  a related  study,  not  directly  dealing  with  Korot- 
koff  sounds,  Sacks  ert  aJ.  (1971)  sought  to  determine  the 
critical  value  of  stenosis  (area  ratio)  across  a constric- 
tion which  produces  murmurs  in  arteries.  By  implanting 
various  sized  orifice  plates  in  the  aortas  of  anesthetized 
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dogs  and  by  continuously  monitoring  the  flow  velocities 
and  murmurs  produced  distal  to  the  orifice,  they  obtained 
a parabolic  relationship  between  Reynolds  number  and  per 
cent  stenosis  for  the  onset  of  sound.  On  the  basis  of 
an  empirical  relationship,  they  related  the  critical  flow 
to  an  orifice  Reynolds  number  of  about  2,000,  which  they 
acclaimed  as  the  criteria  for  the  onset  of  vascular  mur- 
murs . 

From  the  foregoing  discussion,  there  is  no  one 
mechanism  that  is  generally  accepted  by  most  investigators 
Proponents  of  each  recent  theory  are  backed  by  consider- 
able experimental  evidence,  but  their  hypotheses  of  the 
sound  mechanism  are  mostly  intuitive,  based  on  their  own 
evidence,  and  the  explanations  are  vague  enough  to  leave 
the  exact  explanation  of  the  mechanisms  to  a number  of 
causes.  For  example,  in  the  case  of  turbulence--what  kind 
of  turbulence  is  it  and  how  is  it  generated?  or,  in  the 
case  of  sounds  due  to  separation  of  the  walls,  where  do 
the  walls  separate,  and  by  what  causes?  The  explanation 
for  the  origin  of  Korotkoff  sounds  should  be  more  specific 
should  encompass  most  of  the  recent  experimental  evidence, 
especially  that  done  on  human  subjects,  and  should  be 
backed  by  a reasonable  theoretical  analysis.  It  is,  there 
fore,  the  purpose  of  the  following  investigation  to  not 
only  determine  the  sound  producing  mechanism,  but  also  to 
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state  specifically,  using  experimental  and  theoretical 
evidence,  how  the  sound  is  generated. 


CHAPTER  III 


PHYSICAL  PARAMETERS  OF  THE  PROBLEM 

Before  beginning  the  investigation  of  the  cause 
of  Korotkoff  sounds,  a brief  description  of  some  of  the 
important  parameters  of  the  system  will  be  made.  Bio- 
logical systems  are  difficult  to  model  mathematically 
and  the  results  are  often  in  error  because  the  importance 
of  various  parameters  have  not  been  evaluated  properly. 
Experimental  analyses  are  the  most  helpful  in  testing  and 
analyzing  the  effects  of  various  parameters  and  should  be 
completely  studied  before  further  experimental  and  theo- 
retical investigations  are  carried  out.  The  topics  to 
be  discussed  in  this  chapter  are  (1)  the  properties  of 
blood,  blood  vessels,  and  surrounding  tissue,  (2)  the  pres- 
sure pulse,  pulse  wave  propagation,  and  flow  velocities, 

(3)  the  effect  of  cuff  pressure  on  the  system,  and  (4) 
the  occurrence  and  character  of  the  Korotkofi  sounds. 

Properties  of  Blood,  Blood  Vessels 
and  Surrounding  Tissues 

Blood  is  a suspension  of  cells  in  a solution  of 
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plasma  which  is  93%  water.  A majority  of  the  cells  are 
erythrocytes,  which  have  a maximum  diameter  of  about  8 
microns  (Nerem,  1969).  The  volume  fraction  of  the  cells 
in  the  blood  is  called  hematocrit  and  the  blood  density 
and  viscosity  are  dependent  on  this  value.  The  average 
hematocrit  is  about  45%.  The  density  of  the  blood  at 

3 

this  hematocrit  value  is  about  1.05  g/cm  (Nerem,  1969), 
and  increases  with  increasing  hematocrit. 

Whole  blood  is  a non-Newtonian  fluid  which  be- 
haves as  a Bingham  plastic,  having  a yield  stress  of  about 

O 

.05  dynes/cm  at  a zero  shear  rate  (Fung,  1971).  The 
apparent  viscosity  increases  with  hematocrit , ranging  from 
about  2 to  13  cP  for  hematocrit  values  between  20  and  80 
per  cent  (Haynes,  1960).  For  a hematocrit  of  45%,  the 
apparent  viscosity  is  about  4 cP  at  high  shear  rates. 

Plasma  behaves  as  a Newtonian  fluid  having  a viscosity  of 
about  1.2  cP  (Fung,  1971). 

The  blood  viscosity  is  also  affected  by  blood 
vessel  size.  The  erythrocytes  tend  to  migrate  away  from 
the  vessel  wall  and,  when  the  diameter  of  the  vessels  is 
less  than  1 mm,  this  effect  becomes  important.  The  fluid 
becomes  inhomogeneous  and  the  viscosity  begins  to  drop, 
approaching  that  of  plasma.  This  is  called  the  Fahraous- 
Lindqvist  effect.  In  the  case  of  45%  hematocrit,  the 
apparent  viscosity  approaches  2 cP  for  a capillary  diameter 
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of  .01  mm  (Haynes,  1960).  This  effect  may  be  important 
when  the  blood  pressure  cuff  constricts  the  artery,  greatly 
reducing  its  diameter. 

The  arterial  walls  are  made  up  of  three  concentric 
layers  of  tissue  and  have  a relative  wall  thickness  and 
stiffness  greater  than  that  for  veins,  because  they  have 
to  withstand  higher  pressures.  The  brachial  artery,  which 
is  the  major  artery  lying  under  the  blood  pressure  cuff,  has 
an  inside  diameter  of  approximately  3 mm  and  has  a wall 
thickness  ranging  between  .15  and  .25  mm.  Arteries  are  vis- 
coelastic and  the  stress-strain  relationships  for  circumfer- 
ential stretch  is  nonlinear  over  the  physiological  range 
(Fung,  1971).  Measurements  by  Bergel  (1972)  on  i_n  v i vo  dog- 

arteries  show  a Young  modulus  for  circumferential  stretch- 

6 2 6 2 
ing  range  between  10  dynes/cm  and  12  x 10°  dynes/cm~ 

when  subjected  to  pressures  between  20  mm  Ilg  and  200  mm 

Hg,  respectively.  With  increasing  intra-arterial  pressures, 

there  is  an  increase  in  arterial  radius,  approaching  an 

asymptotic  value  at  pressures  above  systolic. 

The  tissue  surrounding  the  artery  is  also  visco- 
elastic. Oestreicher  (1951)  made  an  analysis  of  human 
tissue  based  on  experimental  data  assuming  that  muscle 
tissue  is  isotropic  and  homogeneous.  After  experimentally 
determining  the  elastic  and  viscous  shear  coefficients  of 
living  tissue,  he  concluded  that  at  low  frequencies,  up  to 
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between  100  and  1000  Hz,  the  tissue  responded  as  a simple 
oscillator  with  a resonant  frequency  of  about  30  Hz. 

Arterial  Pressure  and  Blood  Velocities 

Since  blood  is  pumped  by  the  heart,  the  arterial 
pressures  and  flow  rates  are  pulsatile.  The  pressures 
anywhere  in  the  circulatory  system  can  be  measured  by  in- 
serting a pressure  transducer  into  the  vessel  of  interest. 

The  general  shape  of  the  pressure  pulse  consists  of  an  in- 
itial rapid  rise  in  pressure  which  occurs  when  the  blood 
first  enters  the  aorta  due  to  the  contraction  of  the  left 
ventricle.  After  reaching  a maximum  (systolic  pressure), 
the  pressure  diminishes  at  a slower  rate  as  the  pulse  wave 
passes  (see  Figure  3-1).  There  is  a second  small  surge  in 
pressure  which  occurs  when  the  aortic  valve  closes,  and 
then  the  pressure  drops  to  diastolic  because  the  driving 
fluid  from  the  heart  is  no  longer  present. 

Due  to  the  tapering,  branching  and  elasticity  of  the 
vessels,  the  contour  and  speed  of  the  pulse  wave  change  along 
its  path.  McDonald  (1960)  has  observed  this  change  in 
shape  from  recordings  made  along  various  points  from  the 
ascending  aorta  to  the  femoral  artery  in  dogs.  As  the 
pulse  travels  from  the  heart  to  the  extremities,  the  sys- 
tolic pressure  increases  and  the  diastolic  decreases  (al- 
though the  mean  pressure  decreases  due  to  energy  losses), 
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Figure  3-1.  Pressure  Contour  and  Flow  Velocities  in  the 
Brachial  Artery  (From  Spencer  and  Denison, 
1962,  p.  852) 

and  the  initial  pressure  rise  to  systole  steepens.  These 
effects  occur  only  in  the  larger  arteries.  In  the  arter- 
ioles and  capillaries  the  pressure  losses  are  very  great 
causing  the  pulse  contour  to  flatten  and  smooth  out.  An- 
liker  et  al.  (1971)  in  a computer  analysis  which  incorpo- 
rated the  tapering,  branching,  and  changes  in  wave  speed 
due  to  elastic  effects,  obtained  similar  results.  By 
varying  the  properties  of  the  model,  their  effect  and  im- 
portance in  the  system  were  analyzed.  For  example,  by 
either  linearizing  the  equations  or  assuming  a constant 
wave  speed,  the  pressure  and  velocity  curves  obtained  were 
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significantly  distorted  as  compared  to  those  from  the 
original  model.  On  the  other  hand,  neglecting  viscous 
effects  changed  the  results  only  slightly. 

Studies  of  the  pulse  wave  velocity  show  that  the 
speed  of  propagation  increases  with  decreasing  arterial 
radius  and  with  increasing  vessel  wall  stiffness,  which 
is  in  agreement  with  the  Moens-Korteweg  equation  for  wave 
propagation  in  a distensible  tube.  In  measurements  of 
pulse  wave  propagation  in  human  subjects,  Bazett  et  ad. 
(1935)  obtained  average  velocities  of  3 m/sec  for  the 
wave  travelling  from  the  heart  to  the  subclavian  artery 
and  7.09  m/sec  from  the  subclavian  to  the  brachial  arter- 
ies. They  also  noticed  that  the  wave  speed  increased 
with  age.  King  (1947)  calculated  the  pulse  velocity  using 
data  from  human  subjects  and  observed  an  increase  of  wave 
velocity  with  mean  blood  pressure  and  with  age.  He  ob- 
tained wave  speeds  ranging  from  3.6  m/ sec  to  14.73  m/sec 
for  persons  between  20-24  and  having  a mean  blood  pressure 
of  100  mm  Hg  and  persons  between  71-78  and  having  a mean 
blood  pressure  of  200  mm  Hg,  respectively. 

Blood  flow  velocities  are  considerably  more  dif- 
ficult to  measure  accurately  than  the  intra-arterial 
pressures.  Invasive  methods  such  as  Pitot  tubes,  orifice 
meters,  and  hot  wire  anemometers  are  difficult  to  use 
except  in  the  largest  arteries  and  interfere  with  the  flow. 
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Electromagnetic  flow  meters  and  high  speed  cinematography 
are  the  most  accurate  methods  available,  but  the  artery 
must  be  exposed  and  external  constraints  may  also  affect 
the  flow.  Using  these  methods,  McDonald  (1960)  has  com- 
piled the  results  of  velocity  measurements  along  dog  ar- 
teries and  has  obtained  maximum  velocities  of  150  cm/sec 
in  the  ascending  aorta,  decreasing  to  40  cm/sec  in  the 
saphenous  artery.  Backflow  velocities  ranged  between  -40 
cm/sec  to  0 cm/sec  for  the  ascending  aorta  and  the  saph- 
enous artery,  respectively.  The  maximum  flow  rates  occur 
at  the  time  of  most  rapid  pressure  rise  during  passage 
of  the  pulse,  and  the  maximum  backflow  occurs  just  after 
the  passage  of  maximum  pressure  has  occurred.  In  the 
brachial  artery  average  peak  velocities  of  29.6  cm/sec 
have  been  measured  (Spencer  and  Denison,  1962).  See  Figure 
3-1. 

The  most  successful  noninvasive  flow  measuring 
technique  is  the  transcutaneous  Doppler  flow  detector,  in 
which  the  Doppler  effect  is  used  in  ultrasonic  waves  re- 
flected off  the  moving  blood  cells.  Stegall  e_t  aJ.  (1965) 
made  Doppler  measurements  on  most  of  the  major  arteries  of 
the  body,  but  unfortunately  these  were  not  calibrated,  as 
is  the  case  with  most  Doppler  meter  readings  of  this  type. 
So  far  in  cardiovascular  research,  the  Doppler  meter  has 
been  used  to  record  only  the  velocity  contour,  since  an 
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accurate  calibration  of  the  flow  velocities  has  not  been 
perfected.  Care  must  also  be  taken  in  filtering  out  re- 
flections produced  by  wall  motion  and  venous  flow.  But 
these  velocities  are  usually  quite  slow  and  can  be  elim- 
inated by  filtering  out  small  frequency  shifts  correspond- 
ing to  velocities  less  than  10  cm/sec . 

Effect  of  Cuff  Pressure 

In  the  second  half  of  this  chapter  there  is  a dis- 
cussion of  the  changes  in  the  behavior  of  the  system  in- 
duced by  application  and  inflation  of  the  cuff.  The  only 
change  in  properties  of  the  blood  would  be  that  of  vis- 
cosity in  which  the  Fahraeus-Lindqvist  effect  becomes  im- 
portant due  to  the  narrowing  of  the  arterial  lumen  brought 
on  by  the  cuff  inflation.  This  effect  would  at  most  de- 
crease the  blood  viscosity  to  about  half  its  value.  In 
the  computer  analysis  made  by  Anliker  et  aT.  (1971)  there 
was  little  change  in  pressure  pulse  contour  or  velocities 
when  the  blood  was  considered  inviscid.  Also  in  Korotkoff 
studies  simulating  a pulse  wave  in  tubing  compressed  by 
a pressure  chamber,  Anliker  and  Raman  (1966)  observed  no 
difference  in  the  sounds  produced  by  the  apparatus  when 
the  viscosity  of  the  fluid  was  varied  from  1 to  30  cP. 
Therefore,  these  studies  indicate  that  for  the  conditions 
found  in  the  brachial  artery,  even  during  compression, 
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the  blood  viscosity  plays  only  a minor  role  in  influencing 
the  production  of  Korotkoff  sounds. 

The  distribution  of  the  cuff  pressure,  shape  of 
the  constriction,  and  the  wall  movements  are  very  impor- 
tant when  considering  the  effects  of  the  cuff.  In  a study 
of  arterial  pressure  distribution  under  the  cuff  during 
deflation,  Freis  and  Sappington  (1968)  observed  that  only 
the  middle  2 to  4 cm  of  the  artery  under  the  cuff  felt 
the  full  effect  of  the  cuff  pressure.  With  decreasing  cuff 
pressure  to  levels  near  systolic,  the  upstream  arterial 
pressure  pulse  forced  its  way  farther  downstream  with  each 
heartbeat  until  it  reached  about  3 cm  past  the  midpoint  of 
the  cuff,  from  which  point  it  was  able  to  pass  all  the  way 
through.  The  first  Korotkoff  sounds  always  coincided  with 
the  first  complete  passage  of  the  pulse  wave  under  the 
cuff.  From  cineangiograms , McCutcheon  and  Rushmer  (1967) 
observed  the  same  effect  in  which  the  cuff  divided  the 
artery  into  two  port ions--the  upstream  portion  extending 
farther  downstream  with  decreasing  cuff  pressure  and  the 
downstream  portion  extending  up  the  cuff  as  the  artery  in 
the  lower  arm  filled  up  and  the  cuff  pressure  decreased. 
From  arterial  casts  they  observed  that  the  artery  not  only 
flattened  under  the  cuff,  but  the  circumference  decreased 
between  35%  and  70%.  Longitudinal  hair-line  grooves 
appeared  in  the  casts  indicating  that  the  inner  surface 
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of  the  artery  had  wrinkled,  accounting  for  the  decrease 
in  circumference.  Van  Citters  e_t  ai_.  (1962)  also  observed 
this  type  of  wrinkling  in  arterial  vasoconstriction. 

The  onset  and  amount  of  arterial  wall  movement 
under  the  cuff  have  been  recently  studied  noninvasively 
using  the  Doppler  flow  detector.  McCutcheon  and  Rushmer 
(1967)  observed  that  large  signal  amplitudes  of  the  Dop- 
pler outputs  indicated  arterial  wall  movement.  The  occur- 
rence of  the  wall  movement  under  the  distal  end  of  the 
cuff  coincided  with  the  generation  of  the  sounds,  and 
diminution  of  the  wall  movements  coincided  with  the  muf- 
fling of  the  sounds.  Recently  several  electronic  blood 
pressure  measuring  devices  have  been  marketed  which  in- 
dex the  systolic  and  diastolic  pressures  solely  on  wall 
movements  under  the  cuff  measured  by  a Doppler  meter 
(Hochberg  and  Salomon,  1971). 

The  effect  of  the  cuff  on  the  arterial  pressure  and 
pulse  contour  is  the  next  topic  of  interest.  From  investi- 
gations making  direct  measurements  under  (Freis  and  Sap- 
pington,  1968;  Tavel  et  al_ . , 1969)  and  distal  to  the  cuff 
(Wallace  et  al.  , 1961;  London  and  London,  1967a;  Tavel 
et  al  . , 1969)  the  behavior  of  the  pulse  wave  due  to  cuff 
application  is  known,  although  the  wave  propagation  speed 
is  not.  During  cuff  inflation,  once  the  artery  has  been 
completely  shut  off,  the  blood  in  the  lower  arm  distributes 
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itself  in  the  blood  vessels,  and  the  blood  pressure 
approaches  an  equilibrium  pressure  of  approximately  40 
mm  Hg  (Wallace  et  ad.,  1961;  Tavel  et_  ad.  , 1969;  Freis 
et  ad.,  1968).  In  the  proximal  portion  of  the  artery 
under  the  cuff,  the  systolic  pressure  of  the  pulse  wave 
remains  the  same,  but  the  minimum  pressure  of  the  pulse 
equals  the  cuff  pressure.  As  the  cuff  is  deflated,  the 
pressure  pulse  forces  its  way  under  the  cuff  until  it 
finally  emerges  at  the  distal  end,  at  which  time  the  first 
Korotkoff  sound  is  heard.  As  the  wave  emerges  from  under 
the  cuff,  the  initial  rise  of  the  pulse  contour  is  much 
steeper  than  that  of  the  upstream  pressure,  and  there  is 
a large  drop  in  the  maximum  and  minimum  pressure  of  the 
wave  due  to  the  pressure  gradient  across  the  constriction 
(Freis  et  ad.  , 1968;  Tavel  et_  ad.  , 1969).  With  continued 
passage  of  blood  the  lower  arm  begins  to  fill  and  the 
pressure  gradient  across  the  cuff  becomes  less.  At  the 
onset  of  muffling,  free  passage  of  the  pulse  wave  occurs 
with  no  distortion  of  the  systolic  or  diastolic  pressures, 
and  wave  steepness  has  diminished. 

There  are  very  few  studies  recording  velocity 
measurements  distal  to  the  cuff.  Cineangiograms  have  been 
the  most  successful  measuring  technique  in  the  cuff  studies. 
Chungcharoen  (1964)  has  measured  velocities  averaging  104 
cm/sec  when  sound  was  heard  in  compressed  dog  arteries, 
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compared  to  uncompressed  values  of  about  42  cm/sec. 

During  compression,  he  observed  turbulence  downstream 
from  the  cuff,  and  heard  Korotkoff  sounds.  Calculated 
Reynolds  numbers  during  sound  production  ranged  between 
336  and  526  at  these  times. 

Occurrence  and  Character  of  Korotkoff  Sounds 

The  Korotkoff  sounds  and  the  passage  of  the  pres- 
sure upstroke  occur  simultaneously  when  measured  from  mid- 
way under  the  cuff  to  points  distal  to  the  cuff.  No 
sounds  are  heard  upstream  of  the  cuff  (Tavel  et  evL. , 1969). 
The  duration  of  the  first  sounds  is  about  .02  second;  it 
increases  to  about  .10  second  during  the  second  phase  when 
the  murmur  component  is  present  and  then  decreases  to  about 
.03  second  at  the  onset  of  muffling  (Rodbard  and  Ciesiel- 
ski,  1961).  When  measured  with  respect  to  the  EKG,  the 
occurrence  of  the  sounds  appears  earlier  in  time  with  de- 
creasing cuff  pressure.  This  time  lapse,  for  the  appear- 
ance of  the  Korotkoff  sounds  after  the  Q wave  of  the  EKG, 
has  been  measured  to  decrease  from  about  .32  second  at 
systolic  pressure  to  about  .18  second  at  diastolic.  This 
decrease  is  related  to  the  shape  of  the  pulse  contour  and 
varies  among  individuals,  although  there  is  always  a 
shortening  of  the  time  lapse. 

Several  analyses  have  been  made  of  the  frequency 
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spectrum  of  the  sounds.  A comparison  of  the  spectral  con- 
tent of  each  of  the  sound  phases  shows  some  disagreement 
among  investigators.  Most  agree  that  the  largest  signal 
amplitudes  occur  below  20  Hz  and  attenuate  as  the  frequen- 
cies increase  for  all  sound  phases.  McCutcheon  and  Rushmer 
(1967)  observed  frequencies  up  to  about  180  Hz  with  a 
marked  attenuation  of  frequencies  above  60  Hz  for  the  on- 
set of  muffling.  Rauterkus  el:  al . (1966)  noted  that 

most  of  the  sound  energy  occurred  below  50  Hz  and  in  the 
first  and  fourth  phases  the  sound  was  heavily  localized 
below  20  Hz.  Ware  and  Anderson  (1966)  observed  frequencies 
up  to  about  400  Hz  while  Wallace  et_  ad.  (1961),  for  sounds 
recorded  internally,  observed  frequencies  up  to  600  Hz  but 
with  a reduction  of  the  high  frequency  components  for 
sounds  recorded  externally.  Using  bandpass  filters,  Golden 
et  al.  (1974)  found  the  greatest  increase  in  the  frequency 
spectrum  to  occur  between  18  and  34  Hz  at  systolic  and  the 
greatest  decrease  at  diastolic  to  occur  between  40  and 
60  Hz. 

In  an  analysis  of  murmurs  Sacks  e^  ad.  (1971) 
observed  spectrum  extending  to  about  400  Hz,  with  major 
frequency  components  occurring  around  100  Hz.  Lees  and 
Dewey  (1970)  obtained  a frequency  spectrum  from  murmurs 
in  stenotic  human  arteries  ranging  between  30  and  1000  Hz 
with  strongest  intensities  occurring  at  the  lower  frequencies. 
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The  spectral  envelope  was  identical  to  that  obtained  in 
a study  of  pressure  fluctuations  in  pipe  turbulence  (Bake- 
well,  1968). 

The  reason  for  the  discrepancies  in  frequency 
analyses  is  that  the  characteristics  of  the  microphones 
used  varied,  and  some  were  unknown.  It  is  important  to 
take  note  that  the  Korotkoff  sounds  are  actually  being 
heard  by  the  ear  through  a stethoscope.  Therefore,  the 
response  of  the  stethoscope  and  the  ear  are  of  prime  im- 
portance as  to  what  shifts  in  sound  spectrum  produce  the 
sounds.  Studies  by  Rappaport  and  Sprague  (1951),  Caceres 
and  Perry  (1967),  and  Ertel  et^  aH.  (1966a)  show  that  the 
response  of  various  stethoscopes  is  realtively  flat  between 
20  and  100  Hz  with  resonant  peaks,  which  are  related  to 
the  dimensions  of  the  diaphragm  and  tubing,  appearing  at 
higher  frequencies.  The  ear,  on  the  other  hand,  shows  a 
tremendous  increase  in  response  for  frequencies  between  20 
and  500  Hz.  Figure  3-2  shows  the  relative  sensitivity  of 
the  ear  over  the  audible  range.  This  investigation  will 
be  mostly  concerned  with  the  responses  of  the  ear  and 
stethoscope  since  these,  rather  than  recording  equipment, 


are  what  is  involved  in  auscultation. 


Auscultatory  Sound  Frequencies 
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Figure  3-2.  Response  of  the  Ear  (from  Rappaport  and  Sprague,  1941, 
p.  267) 


CHAPTER  IV 


EXPERIMENTAL  ANALYSIS 


The  method  of  approach  in  the  experimental  analy- 
sis was  to  first  very  simply  model  the  problem  and,  using 
observations  from  these  results,  refine  the  successive 
models  to  better  approximate  the  actual  physical  conditions. 
The  advantage  of  using  mechanical  models  was  that  selected 
parameters  could  be  varied  while  others  were  held  constant. 
After  sufficient  insight  into  the  problem  was  gained  using 
these  models,  experiments  were  carried  out  using  human  sub- 
jects under  actual  indirect  blood  pressure  recording  con- 
ditions . 


Steady  Flow,  Rigid  Tube  Studies 

In  the  first  experiments  a first  approximation  was 
made  of  the  artery  under  compression.  The  apparatus  con- 
sisted of  clear  vinyl  tubing  having  a constricted  section 
through  which  a steady  flow  of  water  passed.  Sounds  were 
detected  via  a stethoscope  placed  on  the  tubing  downstream 
of  the  constriction.  Figure  4-1  shows  a schematic  of  the 
steady  flow  apparatus. 
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Figure  4-1.  Schematic  of  Steady  Flow  Apparatus 


The  steady  flow  of  water  was  supplied  by  an  elevated 
reservoir  tank  having  a large  surface  area  so  that  the  pres- 
sure head  would  drop  very  little  during  each  experimental 
run.  The  water  flowed  from  the  tank  into  a 3.0  meter  length 
of  polyvinyl  chloride  tubing.  The  inner  diameter  of  the 
tubing  was  .67  cm,  but  tubing  sizes  of  .32  cm,  .98  cm,  and 
1.28  cm  inner  diameter  were  used  in  subsequent  experiments. 
The  tubing  rested  on  a 1.25-cm  thick  foam  rubber  sheet  lying 
on  a table.  The  foam  rubber  was  necessary  in  order  to  in- 
sulate the  tubing  from  sounds  transmitted  through  the  struc- 
ture of  the  building.  The  reservoir  tank  was  1.2  meters 
above  the  level  of  the  table,  allowing  the  water  to  flow 
through  the  tube  at  a maximum  rate  of  about  25  cc/sec  for 
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Figure  4-2. 


Cross-section  of  Constricted  Tubing. 


the  .67  cm  inner  diameter  tubing.  The  distal  end  of 
the  tubing  was  attached  to  a valve  clamped  to  a ring 
stand,  and  the  flow  rate  was  regulated  by  adjusting  the 
exit  height.  The  tubing  was  constricted  at  the  midpoint 
by  squeezing  it  between  two  square  plexiglass  plates  held 
together  by  screws  at  the  corners.  The  edges  of  the  plates 
pressing  against  the  tubing  were  rounded  off  so  that  the 
contour  of  the  ends  of  the  constriction  was  smooth  and 
rounded.  The  length  of  the  constricted  section  was  4 cm. 
The  cross  sectional  shape  of  the  constricted  tubing  is 
shown  in  Figure  4-2.  In  order  to  calculate  the  tubing 
area,  it  was_ assumed  that  the  inside  circumference  and  the 
thickness  of  the  tubing  remained  the  same.  The  circumfer- 
ence was  calculated  prior  to  the  experiment.  The  tubing 
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was  constricted  to  the  desired  size  by  adjusting  the  sep- 
aration of  the  plates,  and  the  cross-sectional  area  was 
calculated  from  the  measurement  of  the  vertical  clearance 
under  the  constriction.  This  was  done  by  first  tightening 
the  screws  until  the  constriction  was  closed  and  all  flow 
through  the  tubing  was  shut  off.  Then  the  thickness  of 
the  two  plates  and  tubing  wall,  H-^ , was  measured  using  a 
micrometer.  In  all  readings  several  measurements  were 
made  over  the  entire  area  of  the  plates  to  insure  that 
their  alignment  was  parallel.  When  the  constriction  was 
adjusted  to  the  desired  size,  the  thickness  of  the  plates, 
tubing,  and  vertical  gap  was  measured  (Hg).  The  differ- 
ence between  the  two  measurements  yielded  the  vertical 
clearance  in  the  constriction  (H^).  By  assuming  that  the 
inside  circumference  of  the  tubing  remained  the  same,  and 
that  the  constriction  shape  was  flat  where  it  was  in  con- 
tact with  the  plates  and  circular  at  the  edges,  the  con- 
stricted to  unconstricted  area  ratio  was  calculated  to 
be 


A*  2H3 
A D 


(4-1) 


where  A*  = the  constricted  cross-sectional  area 

A = the  unconstricted  cross-sectional  area 
D = the  unconstricted  tube  diameter 


the  vertical  clearance  in  the  constriction 
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Therefore,  by  making  one  measurement  for  each  constric- 
tion setting,  the  ratio  of  the  constricted  to  the  uncon- 
stricted area  could  be  calculated. 

The  flow  rates  were  regulated  by  raising  or  lower- 
ing the  height  of  the  exit  tube  in  relation  to  the  reser- 
voir height.  Flow  measurements  were  made  by  collecting 
the  flow  in  a graduated  cylinder  during  measured  time  in- 
tervals . 

By  resting  the  stethoscope  on  the  tubing  just  dis- 
tal to  the  constriction,  flow  noises  having  a murmur-like 
character  could  be  heard  under  certain  circumstances. 

The  sound  intensity  could  be  increased  by  increasing  the 
flow  rate  or  by  decreasing  the  constriction  size  and  could 
be  heard  several  centimenters  downstream  and  upstream,  de- 
pending on  the  sound  intensity  at  the  constriction.  The 
sound  intensity  decreased  with  increasing  distance  from 
the  constriction  and  was  always  weaker  upstream.  Measure- 
ments correlating  the  onset  of  sound  with  flow  rate  and 
constriction  size  were  made.  The  constriction  size  was 
set  and  the  flow  rate  was  varied  increasing  the  flow  until 
sounds  were  just  heard  downstream.  Nothing  was  yet  audible 
upstream.  The  flow  rate  was  measured  at  this  point.  Then 
starting  with  the  maximum  flow,  the  rate  was  decreased 
until  sounds  disappeared  and  was  again  measured.  The  ave- 
rage of  the  two  measured  flow  rates  was  recorded  as  the 
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value  for  the  onset  of  sounds.  The  results  of  the  exper- 
iment were  compared,  and  there  appeared  to  be  a linear 
relationship  between  flow  rate  and  area  ratio  for  the 
onset  of  sounds. 

The  second  variable  studied  was  the  effect  of  the 
constriction  geometry  on  the  onset  of  sounds.  Cylindri- 
cal Teflon  inserts  about  3 cm  long  were  made  which  could 
be  fitted  into  the  .67  cm  diameter  tubing.  A hole  was 
drilled  along  the  longitudinal  axis  of  each  insert  pro- 
ducing a circular  constriction  as  opposed  to  the  flattened 
one  obtained  by  squeezing  the  tubing.  Also  smaller  area 

ratios  could  be  obtained  using  this  method.  Constriction 

2 

sizes  varied  from  .0082  to  .217  cm  . The  vinyl  tubing 
was  cut  at  its  midpoint  so  that  the  cylinders  could  be 
easily  inserted  into  the  tubing.  The  ends  of  the  inserts 
were  left  flat  around  the  holes  producing  sharp  edged 
constrictions.  The  experiments  to  determine  the  constric- 
tion size  and  flow  rates  for  the  onset  of  sound  were  car- 
ried out  as  before. 

A second  set  of  inserts  were  made  in  which  the 

ends  of  the  cylinder  around  the  drilled  hole  were  beveled 

so  that  there  was  a more  gradual  change  in  area  from  the 

orifice  to  the  unconstricted  tubing.  The  sizes  of  the 

constrictions  in  these  inserts  ranged  from  .0111  to  .261 
2 

cm  . The  same  experimental  procedure  was  repeated  as  before. 
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A comparison  of  the  three  types  of  constrictions-- 
flattened  tube,  sharp  edged  round  orifice,  and  beveled 
edged  round  orifice — shows  the  same  type  of  linear  rela- 
tionship between  the  flow  rates  and  area  ratios.  Figure 
4-3,  in  which  the  data  from  the  three  sets  of  experiments 
are  combined,  shows  that  all  the  data  points  fall  along  the 
same  line.  When  the  only  variable  changed  is  area  geometry, 
there  is  no  effect  on  the  onset  of  sound.  Therefore,  the 
sound  generating  mechanism  appears  to  be  independent  of 
the  area  geometry. 

The  effect  of  the  diameter  of  the  tubing  was  the 
next  point  of  inquiry.  Three  3.0  meter  lengths  of  .32  cm, 
.98  cm,  and  1.28  cm  inner  diameter  tubing  were  used  in 
experiments  performed  in  the  same  manner  as  the  first  set 
in  which  the  constriction  was  produced  by  squeezing  the 
tubing  between  the  two  plexiglass  plates  and  making  mea- 
surements with  a micrometer.  The  results  of  these  experi- 
ments combined  with  the  previous  results  using  the  .67  cm 
inner  diameter  tubing  are  shown  in  Figure  4-4. 

The  linear  relationship  bewteen  area  ratio  and 

flow  rate  for  the  onset  of  murmur  sounds  still  existed 

when  the  tubing  diameter  was  varied.  Analyzing  the  linear 

relationship  that  flow  rate  Q is  proportional  to  area 
A* 

ratio  , mathematical  manipulation  yields  that  the  line 
of  points  representing  the  onset  of  sound  corresponds  to 


Flow  Rate,  Q (cmJ/sec) 
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Figure  4-4. 


Onset  of  Sound  in  Various  Sized  Tubing 
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a constant  velocity  in  the  constriction. 

KA* 

Q = V*A*  = — r — K = proportionality  constant 

v‘=  ! 


Therefore,  a critical  velocity  in  the  constriction  must  be 
attained  before  the  murmur  sounds  are  produced. 

As  the  area  ratio  approached  a value  of  1.0,  the 
sounds  could  no  longer  be  heard.  The  point  for  no  sound 
production  occurred  at  area  ratios  between  .6  and  .7.  The 
fact  that  sounds  could  not  be  heard  for  larger  area  ratios 
leads  one  to  believe  that  the  sounds  are  produced  by  either 
a turbulent  jet  or  vortex  shedding.  Spreading  of  the  jet 
to  the  walls  is  important  in  sound  production;  therefore, 
an  expression  combining  the  set  of  curves  into  one  curve 
would  be  dependent  on  the  tube  diameter  and  the  fluid  vis- 
cosity, besides  jet  velocity. 

In  order  to  observe  the  fluid  phenomena  initiated 
by  the  presence  of  the  constriction,  a birefringent  fluid 
was  used  in  place  of  water.  The  fluid  used  was  a 1.7% 
solution  of  milling  yellow  in  distilled  water;  the  solu- 
tion exhibited  excellent  birefringent  properties  having 
alternating  dark  and  light  lines  of  equal  shear  stress 
when  viewed  through  crossed  polarizers.  The  disadvantage 
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of  using  milling  yellow  was  that  it  was  non-Newtonian, 
and  the  viscosity  was  not  only  a function  of  shear  stress 
but  was  also  very  sensitive  to  slight  changes  in  tempera- 
ture and  in  concentration.  Therefore,  the  medium  was  used 
to  make  qualitative  observations  and  no  direct  comparisons 
were  made  with  those  using  water. 

The  flow  was  supplied  by  a reservoir  tank  in  a set 
up  similar  to  that  used  for  water.  Since  the  viscosity  of 
the  milling  yellow  was  much  greater  than  that  for  water 
(approximately  40  cP  at  24°C  and  shear  rates  of  5 sec-1), 
it  was  necessary  for  the  reservoir  height  to  be  consider- 
ably higher  in  order  to  produce  sufficient  flow  rates. 

The  reservoir  was  about  5 meters  above  the  level  of  the 
exit  tube  and  collecting  tank.  The  fluid  was  returned  to 
the  reservoir  tank  via  an  electric  pump. 

Using  the  .67  cm  inner  diameter  tubing  and  locally 
constricting  it  by  either  squeezing  it  between  the  plates 
or  by  using  the  Teflon  inserts,  a turbulent  jet  was  ob- 
served downstream  of  the  constriction.  When  the  flow  was 
increased  from  zero,  the  transition  from  laminar  flow  to 
turbulence  past  the  constriction  could  be  seen.  By  resting 
a stethoscope  on  the  tubing  just  distal  to  the  constric- 
tion, the  murmur-like  sound  could  be  heard  when  the  jet 
was  fully  turbulent. 

The  first  measurements  made  using  milling  yellow 
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were  to  compare  the  onset  of  sound  with  the  onset  of  tur- 
bulence. After  constricting  the  tube,  the  flow  required 
for  the  onset  of  sound  was  measured  at  each  constriction 
size.  Then  the  minimum  flow  rate  was  measured  for  which  a 
fully  developed  turbulent  jet  appeared.  This  was  done  by 
first  stopping  all  flow  and  then  gradually  increasing  it. 
First  a laminar  jet  was  present,  then  the  edges  of  the  jet 
began  to  oscillate.  With  increased  flow,  occasional  tur- 
bulent bursts  appeared  and  the  jet  oscillations  increased 
in  amplitude.  At  a critical  flow  the  jet  broke  down  into 
complete  turbulence  which  filled  the  width  of  the  tube  and 
extended  3 to  4 cm  downstream,  depending  on  the  flow  rate. 
With  increased  flow  up  to  the  maximum,  there  was  little 
change  in  the  flow  except  that  the  turbulence  extended  far- 
ther downstream  with  increasing  flow  before  returning  to 
laminar  flow.  No  turbulence  was  observed  upstream  of  the 
constriction.  At  a maximum  average  constriction  velocity 
of  about  260  cm/sec  the  turbulence  extended  about  5 cm. 

The  critical  flow  rate  at  which  the  jet  burst  into  tur- 
bulence was  compared  with  the  flow  rates  required  for  the 
onset  of  sounds  at  each  constriction  setting.  A compari- 
son of  the  onset  of  sound  with  the  onset  of  turbulence  is 
shown  in  Figure  4-5.  The  critical  values  for  the  onset  of 
both  phenomena  agree  quite  well  and  the  linear  relation- 
ship which  existed  for  the  onset  of  sound  using  water  is 


Flow  Rate,  Q (cm/sec) 
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Figure  4-5.  Comparison  of  Onset  of  Sounds  and  Ob- 
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also  present  in  these  results,  even  though  the  viscous 
behavior  of  milling  yellow  is  quite  different  from  that 
of  water.  Figure  4-6  shows  photographs  of  the  develop- 
ment of  the  jet  using  milling  yellow  in  a .67  cm  diameter 
plexiglass  tube  with  a . 185  diameter  circular  constric- 
tion . 

From  the  experiments  on  steady  flow  through  con- 
stricted tubing,  sounds  were  produced  and  heard  which 
could  be  related  to  Korotkoff  sounds.  The  sounds  pro- 
duced in  the  tubing  had  a murmur-like  quality  similar  in 
character  to  the  murmur-like  sounds  heard  during  the 
second  phase.  The  sounds  can  even  be  related  to  all  the 
sounds  if  it  can  be  proved  that  all  Korotkoff  sounds  are 
abbreviated  murmurs,  the  character  of  each  being  dependent 
on  its  duration.  From  quantitative  results  in  which  the 
flow  rate  measurements  were  taken  and  correlated  with  the 
constricted  area,  there  is  an  indication  that  for  a given 
tube  and  fluid,  the  onset  of  sound  which  corresponds  to 
the  onset  of  turbulence  is  dependent  on  a critical  veloc- 
ity through  the  constriction.  The  geometry  of  the  con- 
striction seems  to  play  only  a passive  role,  but  the  crit- 
ical velocity  is  dependent  at  least  on  the  diameter  of  the 
unconstricted  tubing  and  on  the  viscosity  of  the  fluid 
media.  The  turbulence  seems  to  be  generated  by  a jet  in- 
stability produced  in  the  expanded  region  after  the 
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constriction  (Kurzweg,  1973).  No  patterns  resembling 
vortex  shedding  were  observed,  even  with  the  aid  of  a 
stroboscope.  The  sounds  heard  through  the  stethoscope 
placed  on  the  tubing  were  produced  by  the  transmission 
of  vibrations  through  the  wall  generated  by  the  pressure 
fluctuations  of  the  turbulent  jet.  The  murmurs  can  only 
be  heard  a short  distance  downstream  because  the  turbu- 
lence subsides  still  further  downstream  due  to  viscous  ef 
fects  and  the  flow  once  again  becomes  laminar. 

Distensible  Tube  Studies 

The  next  set  of  experiments  incorporated  collapsi 
ble  tubing  which  would  more  accurately  simulate  the  con- 
stricted artery,  and  the  constriction  was  produced  by  sub 
jecting  the  tubing  to  an  external  pressure.  A 1.0  meter 
length  of  .63  cm  diameter  Penrose  drain,  a very  flexible 
tubing  which  can  withstand  tension  but  collapses  under 
compression,  was  used  as  the  artery.  The  ends  of  the 
tubing  were  connected  to  .67  cm  inner  diameter  vinyl 
tubing  so  that  the  reservoir  tank  set  up  could  be  used 
again.  The  Penrose  drain  tubing  was  compressed  by  a 15 
cm  long  hydrostatically  controlled  "cuff'-like  compres- 
sion chamber  through  which  the  tubing  passed.  The  com- 
pressing chamber  consisted  of  a 2.5  cm  inner  diameter 
cylindrical  plexiglass  tube  loosely  lined  in  the  inside 


58 


Figure  4-7.  Schematic  of  Distensible  Tube  Apparatus 


by  2 . 5 cm  diameter  Penrose  drain.  When  the  space  between 
the  plexiglass  tube  and  Penrose  drain  was  filled  with  water, 
the  Penrose  lining  expanded  and  pressed  against  the  "artery." 
By  increasing  the  water  pressure  in  the  "cuff,"  the  Penrose 
drain  lining  was  inflated  and  compressed  the  "artery"  in 
a manner  similar  to  what  happens  to  the  brachial  artery  in 
the  arm.  The  pressure  in  the  "cuff"  was  regulated  by  ad- 
justing the  gravity  head  of  the  water  supply  to  the  "cuff." 

A schematic  of  the  apparatus  is  shown  in  Figure  4-7. 

This  set  of  experiments  was  qualitative,  having  the 
sole  purpose  of  studying  the  behavior  of  the  tubing  under 
more  realistic  conditions.  The  general  behavior  of  the 
apparatus  was  quite  surprising.  The  pressure  head  was  kept 
constant  while  the  pressure  in  the  "cuff"  was  varied. 

When  the  "cuff"  pressure  was  greater  than  the  tube  pressure. 


59 


the  Penrose  drain  was  forced  closed — either  in  a binodal 
or  trinodal  configuration.  When  both  pressures  were  al- 
most equal,  a small  amount  of  fluid  slipped  through,  and 
a weak  murmur-like  sound  could  sometimes  be  heard.  At  a 
lower  "cuff"  pressure  the  compressed  tubing  began  to  open, 
and  a stronger  murmur  was  heard;  then  the  tubing  quickly 
closed  again  due  to  a Bernoulli  effect  and  then  reopened, 
and  the  cycle  repeated  itself.  With  continued  lowering 
of  the  compression  pressure,  the  oscillation  rate  in- 
creased to  a maximum  and  then  decreased  again.  The  slowest 
oscillation  rates  occurred  at  the  points  just  before  the 
oscillation  stopped  completely. 

It  was  this  oscillation  phenomenon  that  Rodbard 
(1953)  observed  and  theorized  as  the  cause  of  the  murmur 
sound  in  the  second  phase.  In  his  experiments  he  obtained 
oscillation  freqencies  up  to  about  56  Hz.  In  order  to 
better  understand  the  relationship  of  oscillation  rates 
to  compression  and  flow  conditions,  measurements  were 
taken  of  the  compression  pressures,  fluid  pressures,  flow 
rates,  and  oscillation  frequencies. 

For  each  set  of  experiments  the  exit  height  was 
set  and  the  compressing  pressure  was  varied.  At  each  com- 
pressing pressure  setting  the  flow  rate  and  oscillation 
rate  (if  oscillations  were  present)  were  measured.  During 
oscillations,  the  flow  was  not  steady,  so  flow  values  were 
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actually  the  averaged  values  over  each  cycle.  At  each 
measurement  sounds  were  listened  for  distal  to  the  com- 
pressing chamber  using  a stethoscope,  and  the  character 
of  the  sounds  was  noted.  The  rate  of  oscillation  of  the 
tubing  walls  ranged  from  1.5  to  3.7  Hz.  The  presence  of 
oscillations  was  dependent  on  the  difference  between  cuff 
pressure  and  reservoir  head,  but  the  rate  of  oscillation 
was  related  to  the  pressure  gradient  existing  downstream 
of  the  cuff.  Frequencies  of  oscillation  approaching  those 
observed  by  Rodbard  (1953)  could  only  be  obtained  by  making 
the  length  of  tubing  past  the  constriction  very  short. 
Murmur-like  sounds  were  heard  only  during  the  part  of  the 
oscillation  cycle  when  the  tubing  was  closing  in  contra- 
distinction to  the  usual  Korotkoff  sounds.  The  duration 
of  the  murmur  depended  on  the  rate  of  oscillation,  lasting 
longer  for  slower  frequencies.  The  sounds  heard  due  to 
the  low  frequency  (approximately  30  Hz)  fluttering  of  the 
walls  bore  no  resemblance  to  any  phase  of  the  Korotkoff 
sounds . 

Birefringent  studies  were  made  using  the  disten- 
sible tubing  and  "cuff."  The  set  up  was  the  same  as  before 
in  which  the  milling  yellow  flowed  from  a reservoir  tank 
and  flow  rates  were  adjusted  by  regulating  the  exit  height. 
Since  the  Penrose  drain  tubing  was  not  transparent,  modi- 
fications had  to  be  made  to  observe  the  milling  yellow  flow 
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The  Penrose  drain  distal  to  the  compressing  chamber  was 
replaced  by  a glass  tube  of  the  same  diameter.  Films 
were  made  of  the  oscillations.  Figure  4-8  shows  the  de- 
velopment and  dissipation  of  a jet  due  to  changes  in  flow 
rates  and  wall  movement.  The  film  speed  was  24  frames/sec 
and  the  rate  of  oscillation  was  3.4  Hz. 

From  the  second  set  of  experiments  using  disten- 
sible tubing  and  a more  realistic  type  compressing  mech- 
anism, more  evidence  is  available  to  substantiate  a tur- 
bulent jet  being  related  to  part  of  the  mechanism  pro- 
ducing Korotkoff  sounds.  Rodbard  (1953)  had  set  forth 
the  theory  that  wall  flutter  at  audible  freqencies  was 
the  cause  of  part  of  the  sounds,  but  from  this  study  the 
only  time  that  audible  frequencies  were  obtained  was  when 
there  was  almost  no  resistance  to  the  flow  downstream. 

What  was  observed  was  that  jets  could  be  generated  by  the 
constriction  produced  by  the  compressing  chamber  in  less 
than  .04  second  and  last  approximately  .08  second — about 
the  order  of  magnitude  of  the  murmur  sounds  heard  in 
Korotkoff  sounds. 

Studies  on  Human  Subjects 

The  last  set  of  experiments  was  performed  on 
human  subjects.  Model  studies  are  helpful  in  understand- 
ing and  focusing  better  on  the  problem,  but  biological 
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systems  are  almost  impossible  to  simulate  accurately. 

In  the  experiments  performed  on  humans  indirect  blood 
pressure  readings  were  made  while  sounds,  cuff  pressure, 
and  in  later  measurements,  EKG  were  recorded.  The  pur- 
pose of  the  experiments  was  to  observe  the  character  and 
duration  of  the  sound  signals  as  picked  up  by  different 
microphones  under  various  filter  conditions,  and  the  re- 
lation of  sounds  with  respect  to  the  cuff  pressure  and 
heart  beat.  Results  from  other  investigations  will  be 
used  when  needed  to  fill  gaps  related  to  direct  pressure 
readings . 

The  first  experimental  set-up  involved  an  auto- 
matic inflatable  cuff  with  a microphone  attached  to  the 
inner  lining  for  the  purpose  of  simultaneously  recording 
Korotkoff  sounds.  The  recording  equipment  was  made  avail 
able  courtesy  of  Dr.  M.  Jaeger  of  the  Physiology  Depart- 
ment, University  of  Florida.  The  automatic  cuff  system 
used  was  a Narco  Bio-systems  Programmed  electro-sphygmo- 
manometer (PE-300).  The  sound  and  pressure  were  recorded 
cn  the  same  signal  by  a Brush  8 channel  lightbeam  oscillo 
graph  (model  no.  16-2300-00)  via  a Brush  Universal  ac/dc. 
biomedical  coupler  preamplifier  (model  no.  11-4307-00). 

A schematic  of  the  apparatus  is  illustrated  in  Figure  4-9 
The  signal  was  recorded  on  photosensitive  paper  by  a 
lightbeam  deflected  by  a gal vomometer . The  frequency 
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Figure  4-9.  Schematic  of  the  Automatic  Cuff  Apparatus 
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Frequency  (Hz) 

Figure  4-10.  Response  of  Cuff  Microphone  (From 
Narco  Bio-systems,  Inc.) 


response  of  the  cuff  microphone  is  shown  in  Figure  4-10 
The  gal vomometers  used  had  a flat  frequency  response  up 
to  1000  Hz,  and  paper  speeds  ranged  up  to  75  cm/sec. 
Therefore,  there  was  excellent  time  resolution  of  the 
signals . 

In  the  preliminary  runs  recordings  were  made  of 
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the  sounds  produced  by  the  steady  flow  rigid  tube  and 
distensible  tube  models  used  in  the  previous  experiments. 
This  would  be  helpful  in  correlating  the  results  from  ex- 
periments performed  on  flow  models  with  those  performed 
on  humans.  The  cuff  was  laid  on  a 1.25  cm-thick  sheet 
of  foam  rubber  on  a table  near  the  recording  equipment. 
Using  a set-up  similar  to  that  in  the  steady  flow  exper- 
iments, the  .67  cm  inner  diameter  polyvinyl  chloride 
tubing  was  situated  over  the  cuff  microphone  so  that  the 
microphone  was  just  downstream  of  the  constriction  in 
the  tubing.  Teflon  inserts  and  plastic  plates  were  used 
to  produce  constrictions  in  the  tubing.  The  flow  rate 
was  increased  from  zero  to  maximum  flow,  but  there  was 
no  evidence  of  the  microphone  responding  to  the  jet. 

The  experiment  was  then  repeated  with  a stethoscope  placed 
on  the  tubing  over  the  cuff  microphone  in  order  to  tell 
exactly  when  the  onset  of  jet  sounds  occurred,  as  detected 
by  the  ear,  and  also  to  add  weight  to  the  tubing  for  better 
contact  with  the  cuff  microphone.  There  was  a slight  in- 
crease in  signal  amplitude  above  background  noise  levels 
when  the  flow  rates  were  increased  to  the  maximum,  but 
the  vibration  frequencies  seemed  to  be  lower  than  those 
expected  for  a jet.  The  conclusion  derived  from  these 
runs  was  that  the  cuff  microphone  was  not  sensitive  enough 
at  higher  frequencies  to  respond  to  the  higher  frequency 
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components  of  the  jet,  and  therefore  only  the  larger 
amplitude  low  frequency  components  of  the  background 
noise  levels  and  jet  appeared  on  the  record.  Similar 
results  were  obtained  when  the  distensible  tubing  was 
used. 

A second  set  of  preliminary  runs  tested  the  re- 
sponse of  the  cuff  microphone  to  a pulse  wave  produced 
in  distensible  tubing.  A 1.0  meter  length  of  .63  cm 
diameter  Penrose  drain  was  sealed  at  one  end  and  con- 
nected to  a water  filled  bulb  at  the  other.  Sounds  were 
listened  for  through  a stethoscope  placed  at  the  midpoint 
of  the  tubing,  distal  to  the  point  where  the  tubing  was 
laid  on  the  cuff  microphone,  so  as  not  to  interfere  with 
sound  recordings.  When  the  tubing  was  loosely  filled  with 
water,  a loud  thumping  sound  was  produced  by  the  passage 
of  the  pulse  wave,  which  was  generated  by  compressing  the 
bulb.  The  pulse  wave  speed  was  approximately  1 m/sec. 

The  signals  picked  up  by  the  cuff  microphone  showed  os- 
cillations having  a smooth  sinusoidal  character  with  a 
frequency  of  about  40  Hz.  The  oscillations  lasted  about 
.2  second.  When  the  tubing  was  wrapped  with  4 cm  of  foam 
rubber,  the  oscillation  amplitudes  were  very  small  and 
the  oscillatory  behavior  disappeared. 

These  preliminary  runs  give  an  indication  of  what 
can  be  expected  using  the  cuff  microphone  and  the 
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accompanying  recording  apparatus  and  will  also  help  re- 
late the  experiments  run  on  humans  with  the  model  experi- 
ments done  previously. 

In  the  first  experiments  performed  on  humans,  the 
subject  was  lying  quietly  on  a cot,  and  the  automatically 
inflatable  cuff  and  microphone  were  wrapped  around  the 
left  upper  arm.  Cuff  pressure  and  external  sounds  were 
being  recorded  simultaneously.  Figure  4-11  shows  a record 
of  a typical  cuff  deflation  cycle  using  the  automatic  cuff 
inflation  unit.  The  wave  form  is  more  abrupt  than  that 
from  the  mechanically  produced  pulse  wave,  and  there  is 
very  little  oscillation.  The  signal  seems  to  damp  out 
quickly — possibly  due  to  the  surrounding  tissue.  Figure 
4-12  shows  an  example  of  Korotkoff  sounds  recorded  at  a 
paper  speed  of  25  cm/sec.  The  microphone  seems  to  be 
responding  to  the  passing  wave,  but  there  is  no  evidence 
of  a jet. 

The  following  experiments  using  the  cuff  micro- 
phone were  performed  in  order  to  better  analyze  the  mech- 
anics of  the  pulse  wave.  A second  automatic  cuff  unit, 
identical  to  the  first,  was  obtained  with  the  purpose  of 
being  used  to  aid  in  measuring  the  pulse  velocity  and 
observe  the  changes  in  characteristics  of  the  wave  as  it 
travelled  into  the  lower  arm.  Korotkoff  sounds  could  be 
heard  with  a stethoscope  as  far  down  the  forearm  as  15  cm 
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Figure  4-12.  Cuff  Microphone  Signals  at  Various  Cuff  Pressures  (Paper  Speed  = 25  cm/sec); 
Subject:  Female,  Age  20 
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distal  to  the  cuff.  If  the  sounds  were  pulse  wave  re- 
lated, recordings  from  the  second  cuff  microphone  should 
indicate  this.  The  second  cuff  microphone  was  positioned 
on  the  forearm  over  the  ulnar  artery  about  10  cm  distal 
to  the  lower  edge  of  the  upper  cuff.  The  upper  cuff  was 
inflated  to  200  mm  Hg  and  then  deflated  as  usual.  The 
sounds  were  recorded  by  the  two  microphones  and  the  speed 
of  propagation  was  calculated  by  measuring  the  time  lapse 
between  the  two  signals.  The  calculated  values  ranged 
from  330  cm/sec  to  1250  cm/sec.  The  speeds  for  sound 
propagation  were  too  low  to  be  sound  transmitted  down- 
stream through  the  fluid;  therefore,  the  sounds  heard  in 
the  lower  arm  were  produced  at  the  time  of  the  passage  of 
the  pulse  wave.  A trend  for  increasing  wave  speed  with 
decreasing  cuff  pressure  was  consistent  in  all  the  experi- 
mental runs, 

In  the  last  set  of  experiments  using  only  the  auto- 
matic cuff  unit,  pistol-shot  sounds  were  produced  in  the 
subject  by  vigorously  exercising  several  minutes.  The 
cuff  inflation  and  deflation  cycle  was  run  as  usual,  and 
the  cuff  microphone  recorded  both  the  pistol-shot  and 
Korotkoff  sounds.  The  pistol-shots  were  present  at  cuff 
pressures  much  higher  than  systolic,  before  the  presence 
of  the  Korotkoff  sounds.  The  pistol-shot  wave  form  con- 
sisted of  a few  low  amplitude,  low  frequency  (approximately 
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50  Hz)  oscillations.  When  the  Korotkoff  sounds  were 
present  (at  cuff  pressures  lower  than  systolic),  they 
appeared  about  .3  second  after  the  pistol-shots.  With 
lowering  of  the  cuff  pressure,  the  Korotkoff  sounds  ap- 
peared sooner,  with  respect  to  the  pistol-shots,  and  at 
the  muffling  phase  both  signals  were  superimposed  with 
the  contour  of  the  pistol-shots  changing  to  that  of  the 
muffled  Korotkoff  sounds. 

The  second  group  of  human  experiments  was  per- 
formed on  ten  subjects,  and  an  EKG  recording  and  second 
microphone  recording  were  added  to  the  record.  The  EKG 
was  recorded  by  strapping  electrodes  to  both  arms  and 
legs  of  each  subject.  Better  skin  contact  was  made  by 
using  an  electrolyte  jelly.  The  Korotkoff  sounds  were 
recorded  by  a second  microphone  set-up,  which  consisted 
of  a stethoscope  connected  by  rubber  tubing  to  a Bruel 
and  Kjaer  condenser  microphone  (type  4146).  A schematic 
of  the  apparatus  including  the  stethoscope-microphone 
set-up  is  shown  in  Figure  4-13.  The  microphone  response 
is  flat  between  1 and  2000  Hz.  The  signals  from  the  EKG 
and  stethoscope  set-up  were  recorded  by  the  oscillograph 
via  two  universal  biomedical  coupler  preamplifiers.  The 
stethoscope  set-up  was  connected  to  a modified  universal 
coupler  in  which  the  signal  could  be  filtered  by  a 0.5, 
100,  or  200  Hz  high  pass  filter  to  better  simulate  the 


Preamplifier 
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Figure  4-13.  Schematic  of  the  Stethoscope  and  Cuff  Microphone  Set-up 
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ear  response.  The  cuff  was  hand  inflated  and  cuff  pres- 
sures were  recorded  by  a pressure  transducer. 

In  this  set  of  experiments,  simultaneous  record- 
ings  from  two  different  microphones — the  cuff  microphone 
and  the  stethoscope  set-up  which  was  strapped  over  the 
antecubital  fossa  just  distal  to  the  cuff.  In  some  of 
the  experimental  runs,  the  stethoscope  set-up  was  posi- 
tioned either  under  the  cuff  or  over  the  ulnar  artery  in 
the  forearm.  The  purpose  of  these  experiments  was  (1) 
to  observe  the  effect  of  different  types  of  microphone 
set-ups  and  different  types  of  filtering  on  recordings, 
(2)  to  observe  changes  in  signal  due  to  changes  in  cuff 
pressure,  and  (3)  to  observe  the  occurrence  of  the  sounds 
with  respect  to  EKG. 

The  experimental  procedure  was  first  to  have  the 
subject  lying  quietly  on  the  cot.  The  EKG  electrodes 
were  strapped  in  place  and  the  cuff  secured  around  the 
arm.  The  stethoscope  set-up  was  strapped  to  the  arm  at 
the  desired  location — either  just  distal  to  the  cuff, 
about  10  cm  downstream  of  the  cuff,  or  midway  under  the 
cuff.  The  cuff  was  inflated  until  the  artery  was  shut 
and  no  pulse  could  be  felt  on  the  wrist  below  the  cuff. 
Upon  cuff  deflation,  the  recorder  was  run  at  paper  speeds 
of  either  5 or  12. 5 cm/sec.  Recordings  were  made  using 
either  the  .5,  100  or  200  Hz  high  pass  filter  for  the 
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stethoscope  set-up,  and  the  stethoscope  was  positioned 
at  one  of  the  three  locations  on  the  arm  mentioned  above. 
In  the  last  set  of  runs,  the  artery  was  kept  shut  by 
cuff  pressure  for  one  to  two  minutes;  then  the  cuff  pres- 
sure was  quickly  lowered  and  then  held  constant  at  a pres- 
sure between  95-100  mm  Hg  at  which  point  murmur  sounds 
were  heard  lasting  for  many  beats.  Tables  4-1  through  4-4 
give  examples  of  the  data  obtained  from  the  experiments. 

A 200  Hz  high  pass  filter  was  used  in  all  cases  except  in 
those  specifically  stated  otherwise. 


Table  4-1.  Typical  Data  Comparing  Results  Using  200  Hz  and  100  Hz  High  Pass  Filters. 
(Subject:  Female,  Age  24) 
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time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff  sound 


Table  4-1  - continued 
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time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff  sound 


Table  4-2.  Typical  Data  Comparing  Results  with  the  Stethoscope  Placed  Just  Distal  to 
the  Cuff  and  10  cm  Distal  to  the  Cuff  (Subject:  Male,  Age  82) 
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time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff 

time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff 
as  recorded  10  cm  distal  to  the  cuff  by  the  stethoscope  set-up 
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Table  4-3.  Typical  Data  Comparing  Results  with  the  Stethoscope  Placed  Just  Distal  to 
the  Cuff  and  10  cm  Distal  to  the  Cuff  (Subject:  Male,  Age  23) 
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time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff 
as  recorded  10  cm  distal  to  the  cuff  by  the  stethoscope  set-up 
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Table  4-4.  Typical  Data  Comparing  Results  with  the  Stethoscope  Placed  Just  Distal  to 
the  Cuff  and  Midway  Under  the  Cuff  (Subject:  Male,  Age  29) 
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time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff 

time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff 
as  recorded  under  the  cuff  by  the  stethoscope  set-up 


Table  4-4  - continued 


83 


0) 

S-I 

“H  3 M 

<h  co  a 
3 to 

O CD  E 
U 6 

w 


CM 


05  CD 
O O 


CD  O 
O O 


CD 

05 


CO 

05 


r—t  t>  Tf* 
05  00  00 


00 


05 

O 


CD 

t> 


CM  05 
[-  lO 


TO  T) 
C C 
3 |0 

o o 

CO  w 


ive 
Mic . 
al 

tude 

m 

m 

o 

o 

o 

o 

-P  CS  -H 

CM 

CD 

00 

o 

cS  P bC  i— l 

i — 1 P *H  Oh 
05  3 CO  £ 
OS  O < 

r— 1 

05 

a 0) 

05  O TO 
> OH  o 


•H 

Cfl 

cS  P 

o 

o 

o 

o 

o 

o 

o 

o 

in 

o 

o 

o 

o 

p 

o 

CS  -H 

o 

o 

o 

o 

o 

m 

in 

o 

CM 

o 

m 

o 

m 

b£)  r-H 

rH 

CM 

CO 

TP 

m 

m 

CD 

00 

05 

05 

00 

o 

r—i 

-P 

•H  Oh 

05 

OS 


05  CO  £ 
p < 
CO 


in 

t> 


c 

o 


05  -H  /■— v 
£3  P O 

o o 

00 

o 

CD 

CM 

00 

00 

TJC 

00 

Th 

O 

•H  cS  05 

Tfl  TP 

Tt< 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

a p co 

o o 

O 

o 

O 

o 

O 

O 

O 

O 

O 

O 

O 

O 

O 

CO  CS  ^ 

. 

• 

Q 

05 

o 

CM 

CD 

O 

o 

co 

CM 

1 

£ 

05 

rH 

i — 1 

o 

O 

o 

05 

05 

PS 

•H 

Cfl 

CM 

CM 

CM 

CM 

CM 

rH 

1 1 

Eh  W 


3 


S*3 

0) 

o 

CD 

CD 

00 

o 

CD 

CM 

l 

E 

05 

CO 

CO 

CM 

CM 

CM 

rH 

rH 

PS 

•H 

Cfl 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

Eh  W 


05 

a 4h 

o P 

O 3 

tfl  CD 

o >> 

X!  Crf  P 
+->  & 05 
Q5  TO  TO 
P -H  C 
CO  S to 


3 £5 


time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff 

time  lapse  between  the  R wave  of  the  EKG  and  the  occurrence  of  the  next  Korotkoff 
as  recorded  under  the  cuff  by  the  stethoscope  set-up 
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The  following  observations  were  made  from  record- 
ings for  which  the  stethoscope  set-up  was  positioned 
just  distal  to  the  cuff,  and  the  signal  filtering  was 
varied : 

1.  In  the  unfiltered  and  .5  Hz  filtered  micro- 
phone signals,  the  Korotkoff  sounds  consisted  of 
large  amplitude  spikes  lasting  up  to  .04  second 
(see  Figure  4-14). 

2.  In  the  cases  using  the  100  and  200  Hz  filters, 
the  spikes  were  much  sharper,  displaying  higher 
frequency  components,  and  the  second  phase  (mur- 
mur phase)  could  be  distinguished  as  being  a smaller 
amplitude  signal  occurring  about  .01  second  after 
the  spikes,  and  having  a series  of  random  oscilla- 
tions lasting  up  to  .1  second  (see  Figure  4-14). 

3.  The  maximum  amplitude  signals  occurred  either 
during  the  same  beats  as  the  jet  formation  or 
just  within  a few  beats  afterwards  (see  Figure 
4-15).  The  maximum  amplitude  signals  generally 
occurred  at  the  same  time  for  both  types  of  micro- 
phones used. 

4.  The  fourth  phase  was  quite  evident  in  the 
responses  of  the  cuff  microphone  at  which  time 
the  amplitude  dropped  quite  suddenly.  This  was 
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Figure  4-14.  Comparison  of  Signals  Using  200  Hz  and  0 . 5 Hz  High  Pass  Filters; 
Subject:  Male,  Age  25 


Relative  Amplitude  Relative  Amplitude 

(Cuff  Microphone)  (Stethoscope  Set-up) 
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Figure  4-15.  Relative  Korotkoff  Sound  Amplitudes  of  Several 
Experimental  Runs  as  Recorded  by  the  Stetho- 
scope Set-up  and  Cuff  Microphone;  Subject: 
Male,  Age  29. 
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not  always  so  obvious  in  the  stethoscope  set-up 
(see  Figure  4-15). 

5.  As  the  cuff  pressure  was  lowered,  the  sounds 
came  earlier  with  respect  to  the  EKG,  which  could 
give  some  indication  of  the  shape  of  the  pressure 
pulse  contour  upstream  of  the  cuff. 

In  the  cases  in  which  the  filtered  stethoscope 
set-up  was  positioned  midway  under  the  cuff: 

1.  The  signals  were  similar  in  contour  to  the 
cuff  microphone  signals,  especially  when  the  cuff 
pressure  was  near  diastolic. 

2.  The  wave  steepened  as  the  cuff  pressure  was 
lowered  and  was  of  shorter  duration,  ranging  from 
about  .04  second  at  high  cuff  pressures  to  .01 
second  at  low  cuff  pressures. 

3.  No  jet-like  signals  were  observed. 

4.  The  velocity  of  the  passing  wave  under  the  cuff 
was  about  100-200  cm/sec. 

In  the  cases  in  which  the  cuff  pressure  was  held 
at  a point  in  the  second  phase  (200  Hz  filter  was  used  on 
stethoscope  set-up): 

1.  The  Korotkoff  sounds  always  occurred  at  the 
same  time  with  respect  to  the  EKG. 

2.  Jet  formation  occurred  .01  to  .02  second  after 


the  spike. 
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3.  Spike  and  jet  amplitudes  diminished  as  the 
distal  artery  filled  up. 

4.  Jet  duration  decreased  and  finally  disap- 
peared as  the  artery  filled  up. 

Figure  4-16  shows  the  recordings  of  second  phase 
sounds  from  an  experimental  run  for  which  the  cuff  pres- 
sure was  held  constant. 


1st  Beat  .1  3rd  Beat  III.  5th  Beat  | 7th  Beat 
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Figure  4-16.  Gradual  Disappearance  of  Murmur  Sounds  at  a Constant  Cuff  Pressure  of 
95  mm  Hg ; Subject:  Male,  Age  45 


CHAPTER  V 


THEORETICAL  ANALYSIS 

In  this  chapter  the  experimental  results  will  be 
used  to  give  a definite  analytical  explanation  for  the 
origin  of  Korotkoff  sounds.  Compilation  of  all  evidence 
up  to  this  point  indicates  that  the  sound  producing  mech- 
anisms are  fluid  based  with  the  pressure  pulse  and  flow 
velocities  being  the  most  important  contributing  factors 
in  the  problem.  The  problem  will  be  divided  into  three 
parts:  (1)  analysis  under  the  cuff,  (2)  emergence  of  the 

wave  distal  to  the  cuff,  and  (3)  production  of  sound. 

Analysis  Under  the  Cuff 

There  is  yet  no  theory  available  for  the  analysis 
of  the  passage  of  the  pressure  pulse  under  the  cuff.  Be- 
cause of  the  large  deformations  of  the  arterial  walls  and 
the  time  lag  of  the  wall  opening  after  the  passage  of  the 
pulse  due  to  viscoelastic  effects  and  inertia,  an  accurate 
mathematical  model  of  the  wall  movement  is  difficult  to 
formulate.  The  behavior  of  the  tissue  itself  is  not 
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completely  understood,  and  the  state  of  muscle  tension 
can  change  results  considerably.  A very  simple  model 
of  the  transformation  of  the  pulse  wave  under  the  cuff 
will  be  made  to  give  one  a basic  idea  of  what  is  happen- 
ing. The  model  will  be  based  on  observations  from  the 
distensible  tube  model  of  this  investigation  and  results 
from  intra-arterial  measurements  made  in  other  investiga- 
tions. The  artery  will  be  treated  as  a distensible  tube 
surrounded  by  an  external  pressure  equal  to  the  cuff  pres- 
sure. The  distribution  of  the  cuff  pressure  will  be  as- 
sumed constant  along  the  length  of  the  shut  artery  under 
the  cuff,  although  it  actually  varies  slightly.  The  pres- 
sure of  the  approaching  pulse  wave  must  exceed  the  cuff 
pressure  in  order  to  pass  under  the  cuff.  The  flow  veloc- 
ities accompanying  the  pulse  wave  will  add  to  the  stag- 
nation pressure,  but  the  contribution  is  not  significant. 
From  Bernoulli's  equation,  a flow  velocity  of  40  cm/ sec 
(which  is  normally  the  maximum  in  the  brachial  artery) 
will  contribute  only  about  1.2  mm  Hg  to  the  stagnation  pres- 
sure. Therefore,  the  relationship  of  arterial  pressure 
relative  to  the  cuff  pressure  is  of  primary  importance  in 
determining  whether  the  pulse  can  enter  under  the  cuff. 

The  passage  of  the  pressure  pulse  under  the  cuff 
is  discussed  next.  The  pulse  wave  normally  travels  through 
the  unconstricted  brachial  artery  at  a rate  of  about  500 
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Figure  5-1.  Passage  of  the  Pulse  Under  the  Cuff 


cm/sec.  In  the  case  of  the  shut  artery,  the  passage  of 
the  pulse  under  the  artery  becomes  a filling  of  the  closed 
artery  rather  than  a wave  propagation.  The  rate  at  which 
the  blood  fills  the  artery  under  the  cuff  is  dependent  on 
the  volume  of  flow  entering  the  artery  at  the  proximal  end 
of  the  cuff.  Assuming  that  an  arterial  pressure  greater 
than  the  cuff  pressure  is  sufficient  to  force  the  artery 
open,  the  problem  of  calculating  the  wave  speed  then  be- 
comes a continuity  problem.  Figure  5-1  shows  a schematic 
of  the  filling  of  the  artery.  In  accordance  with  continu- 
ity, the  total  flow  volume  that  has  entered  under  the  cuff 
must  equal  the  total  fluid  volume  in  the  artery  under  the 
cuff.  This  can  be  represented  by: 


t L(t) 

Q(t)dt  = / A[P( x , t ) - P ] dx 


(5-1) 


0 


0 
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where  Q = the  flow  rate  entering  under  the  cuff 

A = cross  sectional  area  of  the  artery  under  the 
cuff 

P(x,t)  = intra-arterial  pressure 

Pc  = cuff  pressure 

L(t)  = the  distance  the  wave  has  travelled  through 
the  shut  artery  under  the  cuff. 

L(t)  is  related  to  the  rate  at  which  the  front  of  the 
wave  travels  under  the  cuff  v^  (filling  velocity)  and  can 
be  defined  as 

t 

L(t)  = j vfdt. 

0 

In  this  approach  it  is  assumed  that  the  area  re- 
sponds instantaneously  to  the  passing  pressure  wave  and 
there  is  no  lag  due  to  inertia  effects.  An  approximate 
functional  form  for  A(P)  can  be  assumed  using  data  from 
static  experiments  for  various  arteries.  Q(t)  would  have 
to  be  known,  but  unfortunately,  it  has  never  been  mea- 
sured, although  this  could  possibly  be  achieved  using  a 
transcutaneous  Doppler  flow  detector.  Because  of  bifur- 
cations in  the  flow  in  the  vicinity  of  the  upper  end  of 
the  cuff,  Q is  dependent  on  the  downstream  resistance 
under  the  cuff.  Therefore,  the  known  variables  Q and  A 
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are  actually  interrelated.  The  variables  of  interest  in 
the  continuity  expression  are  the  pressure  and  velocity 
(vf)  at  the  front  of  the  wave. 

The  pressure  wave  will  be  analyzed  first.  From 
intra-arterial  readings,  the  wave  contour  is  not  signifi- 
cantly distorted  until  it  passes  under  the  cuff.  Since 
the  minimum  pressure  that  can  pass  under  the  cuff  is  equal 
to  the  value  of  the  cuff  pressure,  all  parts  of  the  im- 
merging  pressure  pulse  having  lower  pressures  are  blocked 
out.  It  is  reasonable  to  assume  that  the  pulse  wave  trav- 
els faster  through  the  open  artery  than  the  shut  artery, 
and  recordings  made  by  McCutcheon  and  Rushmer  (1967)  and 
in  this  investigation  show  this  to  be  true.  Therefore,  a 
good  first  approximation  for  the  development  of  the  pres- 
sure contour  can  be  made  by  assuming  that  there  is  no  dis- 
tortion of  the  general  contour,  and  that  there  is  just  a 
build-up  at  the  front  of  the  wave  due  to  the  slower  move- 
ment of  this  front.  The  initial  wave  form  and  subsequent 
development  of  the  build-up  under  the  cuff  is  shown  in 
Figure  5-2.  Since  v^  (filling  velocity  or  wave  velocity 
when  part  of  the  artery  is  shut)  is  less  than  c (the  wave 
propagation  velocity  for  the  artery  when  unconstricted) , 
a wave  build-up  similar  to  that  shown  in  Figure  5-2  will 
occur.  This  build-up  is  evident  in  the  recordings  made 
by  Freis  and  Sappington  under  the  distal  end  of  the  cuff, 
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Figure  5-2.  Build-up  of  the  Pressure  Pulse  Under  the  Cuff 
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and  appears  as  a sharp  rise  at  the  front  of  each  emerging 
pressure  pulse.  Assuming  the  form  of  the  wave  is  ini- 
tially defined  as  P(x),  where  x = 0,  the  expression  for 
the  pressure  wave  as  it  passes  under  the  cuff  is: 


x < 0:  P(x,t)  = P (x-ct) 

x < 0:  p(x,t)  = Po  t < - ^ ^ 

X,  X2 

P(x,t)  = P (x-ct)  - — + — 1 — 


P(x,t)  = P 

v , / c 


C 


(5-2) 


where  Pc  is  the  cuff  pressure,  and  x-^  and  x ^ are  the  posi- 
tions along  the  ascending  and  descending  portions  of  the 
pressure  contour,  respectively,  at  which  the  arterial 
pressure  equals  the  cuff  pressure.  Using  the  continuity 
expressions  (5-1)  and  the  pressure  wave  equation  (5-2), 
the  filling  velocity  vf  and  the  pressure  build-up  at  the 
front  of  the  wave  P(x,t)  can  be  calculated,  provided  that 
there  are  suf f icient  experimental  data  to  formulate  A(P)  and 
Q(t),  and  that  the  equations  are  solvable.  Since  the  ex- 
perimental data  are  not  available,  v^  cannot  be  solved  for, 
so  instead  approximate  measured  values  for  v^  will  be  used, 
and  the  pressure  build-up  can  still  be  calculated.  From 
(5-2)  the  pressure  at  the  front  of  the  wave,  while  travel- 
ling under  the  cuff  is  Pf  = P[  x(l  - ■—■)  + x^ 


] , where 
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x is  the  position  of  the  travelling  wave  under  the  cuff, 
x-^ , as  mentioned  above  is  related  to  the  cuff  pressure, 

Q 

and  — is  the  ratio  of  normal  wave  speed  to  filling  veloc 
vf 

ity . 

A reasonable  approximation  for  the  ascending  por- 
tion of  the  pressure  pulse  is  to  assume  a linearly  in- 
creasing pressure.  Therefore,  the  initial  rise  of  the  un 
distorted  pressure  pulse  can  be  written  as: 


P(x) 


Pd  + Kx 


where  is  the  diastolic  pressure,  and  K is  the  slope  of 
the  pressure.  The  limiting  condition  is  that  P(x)_<  P 

s 

(systolic  pressure).  The  descending  portion  of  the  pres- 
sure pulse  is  not  important  in  this  part  of  the  problem 
and  will  not  be  included  in  the  discussion.  Therefore, 


<pc-V 


K 


and  the  pressure  at  the  front  of  the  wave  is 


P,  = P + Kx  (1  - — ) 
f c v vf' 


The  build-up  is  Kx(l  - — ) for  which  its  maximum  value 


cannot  exceed  (P  - P ). 

s c 


Therefore,  the  build-up  is  dependent  on  the  rate 
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of  pressure  rise  at  the  front  of  the  wave  (K),  the  dis- 
tance the  wave  has  travelled  through  the  shut  artery,  x, 
and  the  ratio  of  normal  pulse  wave  speed  to  filling  veloc- 
ity (~)  • To  give  an  idea  of  the  amount  of  build-up  that 

can  be  expected,  typical  values  will  be  substituted  into 
the  above  equation.  The  normal  range  for  the  pressure 
rise  is  about  500  to  2000  mm  Hg/sec  (Lange  et^  al. , 1956), 
yielding  values  of  K between  -1  and  -2  mm  Hg/cm,  respec- 
tively. From  Freis  and  Sappington , the  distance  the  wave 
travels  through  the  shut  artery  before  emerging  ranges 
from  10  cm  at  cuff  pressures  near  systolic  to  0 cm  at 
cuff  pressures  near  diastolic.  Data  from  this  investiga- 
tion and  recordings  made  by  McCutcheon  and  Rushmer  (1967) 
show  average  ratios  to  range  between  2 and  3.  There- 
fore, the  resulting  calculated  pressure  build-up  ranges 
between  10-40  and  0 mm  Hg  for  cuff  pressures  near  sys- 
tolic and  diastolic,  respectively.  This  build-up  is  limit- 
ed by  the  systolic  pressure;  so  at  cuff  pressures  near 
systolic,  the  actual  build-up  may  be  less. 

Emergence  of  the  Wave  Distal  to  the  Cuff 

The  pressure  build-up  and  Q emerging  from  under 
the  cuff  are  very  important  in  determining  the  pressure 
and  flow  distal  to  the  cuff  in  the  region  where  sounds 
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are  listened  for.  The  second  part  of  the  discussion 
covers  the  emergence  of  the  pulse  wave  past  the  constric- 
tion. The  emerging  wave  has  an  initial  pressure  which  is 
greater  than  the  cuff  pressure  by  an  amount  equal  to  the 
build-up.  The  downstream  pressure  is  always  less  than 
the  cuff  pressure  because,  if  it  were  greater,  the  blood 
would  seep  under  the  cuff,  back  into  the  upper  arm  through 
the  arteries.  Therefore,  there  is  a sudden  increase  in 
pressure  as  the  emerging  wave  passes  equal  to  the  differ- 
ence between  the  pressure  of  the  emerging  pulse  and  the 
pressure  of  the  undisturbed  blood  in  the  lower  arm.  The 
artery  can  now  be  treated  as  a "shock"  tube  in  which  the 
cross-sectional  area  is  a function  of  pressure  and  the 
fluid  is  incompressible.  In  the  "shock"  analysis,  a tube 
is  initially  filled  with  a high  and  a low  pressure  fluid 
separated  by  a diaphragm.  The  diaphragm  is  burst,  the 
step  pressure  distribution  is  propagated  downstream  into 
the  expansion  chamber,  and  an  expansion  wave  is  propagated 
upstream  into  the  compression  chamber.  The  high  and  low 
pressures  in  this  case  are  separated  by  the  shut  part  of 
the  artery.  The  propagation  speed  and  the  flow  rates 
across  the  step  pulse  are  determined  by  the  magnitude  of 
the  pressure  drop . 

Starting  with  the  momentum  and  continuity  equations 
for  a propagating  step  wave  and  using  the  control  volume 
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shown  in  Figure  5-4, 

A1P1  “ A2P2 = pA2C  ^ V1  “ v2  ) (5-3) 

A1  (c  “ v1^=A2  " v2  ^ (5-4) 

where  the  subscript  1 refers  to  conditions  upstream  of  the 
pressure  step,  and  the  subscript  2 refers  to  downstream  con- 
ditions. Assuming  that  the  radial  expansion  of  the  wall  at 
the  pressure  front  is  small,  the  forces  at  this  expansion 
have  been  neglected  in  the  analysis.  Since  the  downstream 
velocity  is  zero,  the  wave  speed  c and  upstream  velocity  v, 
as  determined  from  equations  (5-3)  and  (5-4),  are 


j(  AiPi  A2P2  ^ A1 

V PA2^A1  ~ A2^ 


v 


1 


- a2)(a1p1-  a2p2) 


pAl  A2 


(5-6) 


The  behavior  of  a compressible  gas  in  a shock 
tube  is  well  known  and  we  will  assume  that  this  model 
will  behave  analogously.  This  analogous  behavior  of 
the  '’artery”  is  shown  in  Figure  5-3.  The  problem  can 
be  treated  by  dividing  the  tube  by  an  imaginary  surface 
into  two  regions,  across  which  no  fluid  interaction  ideally 
occurs.  This  concept  is  useful  in  continuity  analysis.  The 
surface  is  initially  positioned  at  the  pressure  step  and 
is  moved  downstream  at  velocity,  u^ . The  shock  also  propa- 
gates in  this  direction,  but  at  a wave  speed  c.  Proximal 


101 


p 


A(PX  - p 


A(P1 


A(PX- 


1 


■r 


i 


a(p2) 


t = 0 


t - 


t 


1 


' 

, 

! r 

_d — i 

r-C 

J A(P-P  r 

A(P)^ 

A(Po> J 

t = 


Figure  5-3. 


"Shock"  Behavior  of  the  Artery 
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Contact  Surface 

Figure  5-4.  Contact  Surface  Analysis  of  the  Emerging  Pressure 
Pulse 

to  the  surface  there  is  an  expansion  wave  moving  upstream. 

From  the  analogous  shock  theory  the  expansion  wave  is  not 
a step.  The  pressure  upstream  of  the  expansion  wave  is 
the  same  as  the  higher  pressure  of  the  initial  emerging 
wave  and  the  pressure  downstream  of  the  step  pulse  remains 
equal  to  the  initial  downstream  pressure.  The  diminishing 
pressure  just  upstream  of  the  "shock"  will  be  studied  be- 
cause this  will  determine  the  magnitude  of  the  propagating 
step  wave.  If  the  radial  movement  of  the  arterial  wall 
due  to  the  passing  pulse  produces  the  Korotkoff  sounds, 
then  the  magnitude  of  the  pressure  step  is  important  in 
determining  the  amplitude  of  the  sounds. 

In  accordance  with  this  analysis  no  flow  crosses 
the  contact  surface,  and  the  velocities  and  pressures 
across  it  are  equal.  Therefore,  a continuity  analysis 
can  be  performed  for  the  region  downstream  of  the  contact 
surface.  Figure  5-4  illustrates  the  shock  tube  distal  to 
the  contact  surface  at  time  t.  The  continuity  equation 
for  the  region  distal  to  the  contact  surface  is 
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A<V 


J 


o 


c dt  = A(P) 


I 


o 


c dt 


A(P) 


/ 


cs 


dt 


(5-7) 


o 


Substituting  the  wave  speed  and  flow  velocity  expressions 


/ A(P) 

- A(P)P 

- A(P2)P2] 

c =/ pA(P2) 

- A(P) 

i 

> 

/*~N 

"d 

to 

( 5-5a) 


/[ A(P)  - A(P9)][A(P)P  - A(P9)P9] 


V 


cs 


pA(P2)A(P) 


(5-6a) 


into  (5-7)  and  regrouping  yields 


MV- 

A(P)  - 


1 


2 


i 

[ A(P)P  - A(P2)P2]  dt  = 


1 


MP^- 
A(P)  - 


A<P2>- 
A(P)  - 


2 

[A(P)P  - A(P2)P2]  dt 


(5-8) 


From  the  mechanics  of  the  problem,  P diminishes  with  time, 
starting  at  P-^  for  t = 0 and  approaching  P2  asymptotically 
as  t °° . This  continuity  analysis  is  valid  as  long  as  the 
artery  is  open.  When  P becomes  less  than  the  cuff  pres- 
sure, the  artery  closes  and  the  continuity  analysis  changes 
The  region  studied  now  becomes  that  distal  to  the  closed 
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artery  rather  than  the  region  distal  to  the  contact  sur- 
face. The  governing  equation  becomes: 


where  t*  is  the  time  at  which  the  artery  closed,  and  P* 
is  the  maximum  pressure  of  the  step  wave  at  this  time. 

There  will  be  a more  rapid  diminution  of  the  pressure, 
since  fluid  is  no  longer  entering  the  lower  arm  to  main- 
tain the  pressure  step.  Equations  (5-8)  and  (5-9)  are  both 
very  difficult  to  solve  in  closed  form,  but  results  from 
intra-arterial  measurements  ( Freis  and  Sappington) show  this 
diminution  of  the  pressure  pulse  as  it  emerges  from  under 
the  cuff.  There  is  a marked  diminution  at  cuff  pressures 
near  systolic,  as  expected  from  the  theory,  because  more 
fluid  is  needed  to  fill  the  expanded  artery  behind  the 
step,  and  there  is  less  flow  into  the  lower  arm  because 
the  artery  shuts  sooner  due  to  the  prepondering  cuff  pres- 
sure . 


the  emerging  wave  and  in  the  lower  arm  are  about  120  mm  Hg 
and  40  mm  Hg,  respectively,  for  cuff  pressures  near  systolic. 


(5-9) 


Production  of  Thumping  Sounds 


In  a typical  deflation  cycle,  the  pressures  of 
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Therefore  the  step  pulse  has  a pressure  difference  of 
80  mm  Hg,  but  this  value  reduces  to  about  20  mm  Hg  after 
the  wave  has  travelled  2 cm  past  the  constriction  (Freis 
and  Sappington).  With  decreased  cuff  pressure  and  filling 
of  the  artery,  this  reduction  will  be  less  extreme,  and 
will  drop  only  about  2 . 5 mm  Hg/cm  during  wave  propagation. 
The  normal  values  for  the  emerging  pressure  pulse  range 
from  120  mm  Hg  at  the  onset  of  Korotkoff  sounds  to  70  mm 
Hg  at  muffling,  and  the  values  for  the  pressures  in  the 
lower  arm  range  from  40  mm  Hg  to  70  mm  Hg  with  filling  of 
the  arm.  The  rate  of  diminution  of  the  pressure  step  de- 
creases as  the  lower  arm  is  filled.  Using  Equations  (5-5) 
and  (5-6)  and  experimental  data  on  arterial  pressure-area 
relations  (Bergel,  1972),  values  of  the  wave  speed,  c, 
and  the  flow  velocity,  v^ , for  pressure  steps  having  var- 
ious upstream  and  downstream  pressures  are  given  in  Tables 
5-1  and  5-2.  The  values  for  c range  from  769  cm/ sec  to 
454  cm/sec  for  pressure  steps  ranging  from  80  to  10  mm  Hg , 
respectively.  Using  the  Moens-Korteweg  equation  for  propa- 
gation of  small  disturbances  in  a fluid  filled  tube, 
c = >/Y 6 / 2pRQ  (Y  = Young  modulus,  6 = wall  thickness, 
p = fluid  density,  and  Rq  = undistended  tube  radius),  and 
substituting  the  appropriate  values  for  Young  modulus 
(Bergel,  1972)  yields  propagation  velocities  ranging  from 
365  cm/sec  to  680  cm/sec  for  mean  arterial  pressures  of 
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Table  5-1.  Step  Wave  Propagation  Velocities,  c 
( cm/sec ) 


Proximal  Distal  Pressures  (mm  Hg) 

Pressures  (mm  Hg)  40  50  60 


120 

769 

cm/ sec 

110 

690 

663 

cm/sec 

110 

647 

621 

609 

cm/ sec 

90 

611 

589 

561 

559  cm/sec 

80 

571 

548 

540 

519 

70 

537 

510 

513 

60 

498 

459 

50 

490 

Table  5-2.  Step  Wave  Flow  Velocities,  v (cm/sec) 


Proximal 

Distal  Pressures 

(mm  Hg) 

Pressures  (mm  Hg) 

40 

50 

60 

70 

120 

375 

cm/sec 

110 

317 

265 

cm/sec 

100 

265 

217 

176 

cm/sec 

90 

220 

176 

126 

84  cm/ sec 

80 

177 

131 

87 

41 

70 

128 

87 

42 

60 

87 

41 

50 


44 
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40  mm  Hg  and  120  mm  Hg,  respectively.  The  values  calcu- 
lated using  the  analysis  of  this  investigation  are  slightly 
higher  than  those  calculated  using  the  Moens-Korteweg 
equation,  because  the  step  pulse  and  the  nonlinear  behav- 
ior of  the  wall  are  included  in  the  analysis,  but  the 
values  obtained  agree  well  with  the  measured  values  of 
the  pulse  wave  velocities.  The  radial  expansion  of  the 
wall  due  to  the  passing  step  pulse  ranges  from  about  0.5 
mm  to  0.025  mm  for  pressure  differences  ranging  1 rom  80 
to  10  mm  Hg,  respectively  (Bergel,  1972).  If  the  changes 
in  radius  occur  rapidly  enough  (as  would  be  expected  in  a 
step  pulse),  the  resulting  radial  movement  would  contain 
audible  frequency  components  which  produce  sounds  that 
could  be  heard  using  a stethoscope.  In  an  analog  study 
related  to  this  investigation  the  response  of  step  waves 
simulating  the  emerging  pressure  contour  showed  oscilla- 
tory signals  similar  to  Korotkoff  sound  recordings  made 
in  this  investigation.  Therefore,  it  is  this  propagating 
step  pressure  pulse  which  rapidly  distends  the  artery  pro- 
ducing audible  vibrations  which  are  transmitted  through 
the  surrounding  tissue  to  the  skin  surface  and  stethoscope. 

When  the  artery  is  no  longer  occluded,  the  step 
pulse  no  longer  forms  and  there  is  a marked  diminution  or 
even  disappearance  of  the  sounds.  The  reason  that  some 
sounds  may  still  be  heard  is  that  the  pulse  travelling 
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through  the  somewhat  constricted  artery  sharpens  due  to 
geometry  of  the  constriction  and  arterial  wall  character- 
istics. Early  experimental  work  showing  this  type  of  be- 
havior was  done  by  Bramwell  (1925)  and,  more  recently, 
theoretical  work  and  computer  analyses  (Beam,  1968;  Rudin- 
ger,  1970)  have  been  performed.  These  weaker  sounds 
finally  disappear  when  the  geometry  of  the  constriction 
no  longer  causes  the  wave  to  sharpen  to  the  point  of  pro- 
ducing audible  vibrations. 

Production  of  Murmur  Sounds 

In  this  section  the  production  of  the  second  com- 
ponent of  the  Korotkoff  sounds — the  murmur  sound — will  be 
analyzed.  Experiments  indicate  that  the  onset  of  murmur 
sounds  are  due  to  the  instability  of  a jet  produced  by  a 
constriction.  First  an  inviscid  analysis  of  the  stability 
of  the  jet  will  be  made,  and  then  the  velocities  necessary 
for  the  instability  will  be  compared  with  those  calculated 
from  the  shock  analysis.  The  goal  sought  is  that  the 
theoretical  results  can  be  coupled  with  the  already  ob- 
tained empirical  relationships  from  experiments  to  explain 
the  underlying  mechanisms  in  this  aspect  of  sound  pro- 
duction . 

The  mathematical  model  will  be  greatly  simplified 
compared  to  what  is  actually  happening  distal  to  the  cuff 
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under  the  given  circumstances  (occurring  during  second 
phase).  The  distal  artery  will  be  treated  as  a cylinder 
of  radius  R2  and  the  blood  spurting  from  the  constriction 
will  be  a cylindrical  jet  of  radius  R^ . The  velocity  of 
the  jet  and  of  the  surrounding  fluid  will  be  assumed  con- 
stant across  their  respective  cross  sections  and  have 
velocities  and  W2 , respectively.  Assuming  the  fluid 
is  inviscid,  the  behavior  of  axisymmetric  disturbances 
produced  at  the  interface  of  the  two  flows  will  be  studied. 
The  initial  disturbances  will  be  assumed  to  be  very  small, 
compared  to  mean  flows  so  that  squared  disturbance  terms 
can  be  neglected.  The  resulting  perturbation  equations 
are  then  linearized  forms  of  the  momentum  and  continuity 
equations.  The  disturbances  may  grow  in  amplitude  with- 
out bound,  indicating  an  instability,  or  remain  the  same 
or  decay  indicating  stable  flow.  If  the  growth  rate  in- 
dicates an  instability,  only  the  early  stages  can  be 
studied  because,  as  the  disturbances  increase,  the  non- 
linear terms  in  the  momentum  equations  become  important, 
and  the  equations  are  no  longer  valid  in  the  linearized 
form.  The  governing  linear  perturbation  equations  in 
cylindrical  coordinates  are: 

9u  = _ 1 9p 
3z  p 3r 


3u 

3t 


+ W 


(5-10) 
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9w  w 9w 
3t  9z 


1 3p 
p 9z 


(5-11) 


(5-12) 


Equations  (5-10)  and  (5-11)  are  the  momentum  equations  and 
equation  (5-12)  is  the  continuity  equation.  By  using 
transform  methods,  the  linear  perturbation  equations  can 
be  solved,  assuming  disturbances  of  the  form  exp[i(kz  - at)]. 
The  radial  and  axial  perturbation  velocities  and  pressure 
perturbations  are  respectively: 


u = u(r)  exp[i(kz  - at)] 
w = w(r)  exp[i(kz  - at)] 
p = p(r)  exp[i(kz  - at)] 


Substituting  into  the  governing  equations, 


-iau  + iWku 


Dp 

P 


-iaw  + iWkw 


ikp 

P 


Du  + — + ikw  = 0 


r 


where 


Solving  for  u(r),  the  result  is 


Ill 


D(D  + -)  u - k2u 

v r / 


0 


or 


( i - k2)  u = 0 


(5-13) 


For  axisymmetric  flow  in  a tube,  the  radial  perturbation 
velocities  at  the  axis  and  walls  must  be  zero.  Therefore, 
the  boundary  conditions  at  the  axis  and  walls  are 

u( 0 ) = 0 (5-14) 

u(R2)  = 0 (5-15) 

At  the  interface,  R-j,  , the  radial  displacements  and  pres- 
sure conditions  must  have  the  same  values  when  approached 
from  both  sides,  yielding  the  boundary  conditions 


u1(R1)  u2^ R2  ^ 

kW-p  a kW2-  a 


(5-16) 


(kWx  - a)  [ ( D + |)  u1(R1)]  = (kW2  - c)[(D  + ^)  u2(R2)] 

(5-17) 


The  solution  of  the  governing  equation  (5-13)  is  a modified 
Bessel  function  of  order  1 


u1(r<R1)  = AI 1 ( kr ) + BK-^kr) 
u2(r>Ri)  = Cl  1 ( kr ) + DK^kr) 
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From  the  boundary  condition  (5-14)  and  knowing  that 
K-^(O)  , B must  equal  0,  and 

u-^r)  = AI1  (kr) 

From  the  boundary  conditions  at  the  wall  R2 , 

u2(R2)  = 0 = CI1(kR2)  + DK1(kR2) 

Cl  (kR  ) 

D = — 

K1(kR2) 


Therefore,  the  solution  for  the  radial  velocity  perturba- 
tions for  the  two  flow  regions  are 

ux(r)  = AI 1 ( kr ) (5-18) 


u2(r) 


C 


Ix(kr) 


I (kR  ) 

— — K (kr) 

K1(kR2) 


(5-19) 


The  purpose  of  the  analysis  is  to  determine  the 
stability  and  hence  the  growth  rate  of  the  disturbance. 
Using  the  boundary  conditions,  (5-16)  and  (5-17),  the 
above  solutions  lead  to  a secular  solution  for  °/k.  If 
a/k  has  an  imaginary  component,  the  perturbation  will 
grow  exponentially  indicating  an  instability.  For  real 
a/k  the  disturbance  terms  will  retain  their  sinusoidal 
nature  and  the  flow  can  be  considered  stable. 

Using  the  conditions  for  radial  interface 
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displacement  (5-16),  and  substituting  the  solutions  for 
u^  and  u2  yields 


I1(kR1) 


I,  (kR9  )K,  (kR  )-] 

I (kR  ) - -1 2__1 

. 1 1 K (kR  ) J 


Regrouping  gives 


kW1  - a 
kW2  ~ a 


Ix(kR2) 

Kx(kR2) 


K1(kR1)  -j 
I1(kR1)  J 


(5-20) 


From  the  pressure  condition  (5-17)  at  the  interface  one 
finds 


(kWx  - a) 


U!  ' ( R]_ ) + 


u1(R1) 

Rn 


j = (kW2  - a) 


[V(R1 


) + 


u2(R1)' 

R-, 


Substituting  for  u^ , u-^',  u2 , and  u2',  the  result  is 


Ak(kW1  - a)  [IQ(kR1)]  = Ck(kW2 


a ) 


I0(kRl ) 


I (kR„) 

+ — — K (kR  ) 

K (kR  ) 


Regrouping  gives 


A 

C 


kW2  - a 
kW^  - a 


I i ( kR2 ) KQ(kR1)  - 

K1(kR2)  I^kR^  - 


(5-21) 


From  (5-20)  and  (5-21) 
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Wx  - a/k 

I1(kR2)  K1(kR]_)- 

x 

o 

i 

CSI 

& 

II 

to 

i 

Q 

L Kx(kR2) 

t1(kR1) J 

Wx  - °/k  L 

I1(kR2)  Kq ( kRx  ) "j 

K1(kR]_)  lQ(kR1)  J 

1 + 


(5-22) 


Letting 


^(kRg)  K^kR^ 

K1(kR2)  lo(kR1) 

Y = 

I1(kR2)  K1(kR1) 

K1(kR2)  l1(kR1) 


(5-23) 


leads  to 


(W1  - a/k)2  = y(W2  - °/k)2 

Expanding  and  regrouping,  leads  to  the  sought  after  secular 
solution 


a 

k 


wx  - yw2  + (wx  - w2)  JT 

1 - Y 


(5-24) 


Introducing  the  real  quantities  x = kR2  and  a 


Y can 


be  rewritten  as 
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I1(x)  KQ(ax) 

1 + I (ax)  K (x) 

Y _ ov  lv 

I (x)  K (ax) 

1 ± — 

I1(ax)  Kx(x) 


From  the  behavior  of  modified  Bessel  functions,  it  is  known 
that 


I (x)  > I1(x)  > 0 Kx(x)  > Kq(x)  > 0 

I (x)  > I1(ax)  > 0 K1(ax)  > K1(x)  > 0 0<a<l 

Therefore,  the  numerator  in  the  expression  for  y is  always 
greater  than  0.  Examining  the  denominator,  we  have 

I,(x)  K (ax) 

>1  and  > 1 

I^(ax)  K^(x) 


The  product  of  the  two  terms  is  greater  than  1 , yielding 


Ix  (x) 
I x (ax) 


K1(ax) 

Kx(x) 


< 0 


The  denominator  is  always  negative;  therefore  y is  always 
a negative  number.  °/k  is  thus  a complex  number,  its  real 
and  imaginary  parts  being 


Re  (a/k)  = 


-W1  + yW2 


1 


Y 


(5-25) 
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Im  (°/k) 


± (wx 


1 - Y 


(5-26) 


The  fact  that  there  is  an  imaginary  term  indicates  that  the 
disturbance  grows  exponentially,  resulting  in  an  instability 
The  final  form  for  the  radial  perturbation  expression  is 


u = u(  r ) exp-  ik 


TW9  - YL 

(— 

1 - Y 


> *]} 


exp 


kt  ( 


W - W 
1 "2 


1/ 


Y 


Y 


(5-27) 


The  expression  for  u(r)  is  given  in  terms  of  the  Bessel 

functions  in  expressions  (5-18)  and  (5-19).  The  instability 

mechanism  will  be  recognized  to  be  related  to  the  classical 

Kelvin-Helmholtz  instability  (Chandrasekhar,  1961). 

The  growth  rate  is  governed  by  the  difference  in 

velocities  | W-^  - W2 1 , the  wave  number  k,  and  the  tube  and 

R1 

jet  radii  R2  and  R^ . Recalling  a = ^ , the  growth  rate  and 
wave  speed  of  the  disturbance  can  be  analyzed  in  terms  of 
kR2  and  a.  The  growth  rate  is 


where 


AW  = \H  - W2| 


Figure  5-5  shows  the  growth  rate  as  a function  of  the  wave 

R R 

number  and  radius  ratio  of  the  jet  size  to  tube  size  (1/2) 
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k - i 

A ~ r 
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At  small  wave  numbers  the  maximum  growth  rate  occurs  at 

a approximately  equal  to  .7.  For  large  wave  numbers  the 

AW 

growth  rates  asymptotically  approach  -75-,  except,  in  the 

cases  of  radius  ratios  close  to  1.0.  Therefore,  the  growth 

rate  is  a function  of  the  velocity  difference  between  the 

two  flows  in  the  tube.  The  jet  wave  speed  is  a function 

of  wave  number  and  radius  ratio,  and  for  large  wave  num- 

W + W 

bers  approaches  a value  of  1 2 , which  is  the  average 

2 

value  of  the  flow  across  the  jet  interface. 

From  the  above  discussion,  the  unstable  growth  rate 
at  the  jet  interface  is  largely  dependent  on  the  velocity 
difference  between  the  jet  and  the  surrounding  fluid.  This 
is  in  good  agreement  with  the  experimental  results,  for 
which  the  turbulent  jet  formation  depended  on  a critical 
velocity  (Kurzweg,  1973). 

The  calculated  values  of  v^  in  Table  5-2  show  the 
range  of  flow  velocities  which  are  produced  by  the  step 
pulse  emerging  from  the  constriction.  For  critical  veloc- 
ities of  at  least  120  cm/sec  to  be  produced,  a pressure 
step  of  at  least  30  mm  Hg  must  exist.  The  cuff  pressures 
for  the  production  of  the  murmur  sounds  must  also  be  low 
enough  so  that  there  is  no  marked  diminution  of  the  propa- 
gating step,  as  in  the  case  of  near  systolic  cuff  pressures. 
The  occurrence  of  the  murmur  sounds,  in  accordance  with 
the  above  criteria  and  the  values  calculated  from  this  an- 
alysis in  Table  5-2,  agrees  very  well  with  the  occurrence 
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of  murmurs  in  actual  auscultatory  blood  pressure  measure- 
ments. The  dependence  on  the  magnitude  of  the  pressure 
step  also  explains  the  reason  for  the  disappearance  of 
the  murmur  sounds  in  the  experiments  in  which  the  cuff 
pressure  was  held  constant  for  many  beats.  This  explana- 
tion for  the  jet  sounds  which  are  produced  at  critical 
flow  velocities  not  only  accounts  for  the  murmur  phase  in 
Korotkoff  sounds,  but  also  for  vascular  murmurs  which  are 
heard  distal  to  constrictions  in  stenosed  arteries. 


CHAPTER  VI 


RESULTS 


From  previous  investigations  and  the  experimental 
and  theoretical  analyses  made  in  this  dissertation,  all 
the  results  and  observations  can  be  encompassed  to  make 
one  comprehensive  explanation  of  the  mechanism  producing 
Korotkoff  sounds.  The  approach  can  be  broken  up  into 
three  parts:  transformation  of  the  pulse  wave  under  the 

cuff,  emergence  of  the  wave  distal  to  the  cuff,  and  the 
production  of  sound  and  the  transmission  of  audible  vibra 
tions  from  the  brachial  artery  to  the  ear  or  recording  in 
struments.  From  information  obtained  in  this  analysis 
plus  results  from  other  investigations,  it  is  shown 
that  the  Korotkoff  sounds  are  produced  by  vibrations  of 
the  arterial  wall  responding  to  the  passing  step  pulse 
and  that  the  murmur  sounds  heard  during  the  second  phase 
are  due  to  a jet  instability  produced  at  the  distal  end 
of  the  cuff. 

Under  normal  circumstances,  nothing  can  be  heard 
over  the  brachial  artery  at  the  antecubital  fossa,  but 
with  the  application  of  the  pressure  cuff,  sounds  can  be 


120 


121 


heard  with  each  complete  passage  of  the  pulse  wave  under 
the  cuff.  The  sounds  can  also  be  heard  and  recorded 
several  centimeters  below  the  cuff  at  the  time  the  pulse 
wave  is  passing  under  the  stethoscope.  Therefore,  it  is 
obvious  that  the  sounds  are  produced  at  the  time  of  pas- 
sage of  the  pulse  wave. 

From  recordings  of  direct  measurements,  there  are 
no  significant  changes  observed  in  the  pulse  wave  proximal 
to  the  cuff  (Wallace  et  al. , 1961).  Therefore,  the  changes 
in  the  pulse  contour  must  occur  beneath  the  cuff.  When 
the  cuff  is  inflated,  the  pressure  is  distributed  through- 
out the  tissue  it  surrounds;  the  greatest  effect  being 
felt  directly  beneath  the  middle  of  the  cuff  and  becoming 
less  as  one  moves  towards  the  edges  of  the  cuff.  The  up- 
stream portion  of  the  cuff  is  normally  subjected  to  ar- 
terial pressures  ranging  between  70  and  120  mm  Hg . The 
penetration  of  the  blood  under  the  cuff  depends  on  the 
cuff  pressure  and  the  momentum  of  the  blood  as  it  strikes 
against  the  shut  artery.  The  downstream  end  of  the  cuff 
is  subjected  to  the  still  blood  in  the  lower  arm,  which 
has  pressures  normally  ranging  from  40  mm  Hg  to  about  70 
mm  Hg,  as  the  lower  arm  is  gradually  filled  by  the  spurts 
of  blood.  During  cuff  deflation,  the  downstream  pressure 
is  always  less  than  or  equal  to  the  cuff  pressure.  When- 
ever enough  blood  fills  the  lower  arm  to  raise  the  pressure 
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above  cuff  pressure,  the  blood  can  seep  back  under  the 
cuff  into  the  upper  arm  through  the  arteries.  This  is 
especially  evident  in  pressure  recordings  made  by  Ragen 
and  Bordley  (1941).  Due  to  the  distribution  of  the  cuff 
pressure  and  the  downstream  and  upstream  arterial  pres- 
sures, parts  of  the  artery  under  the  cuff  will  be  filled 
with  blood,  even  when  there  is  no  complete  penetration. 
Because  the  upstream  pressures  are  greater  than  the  down- 
stream pressures,  a greater  portion  of  the  artery  under 
the  proximal  half  of  the  cuff  will  be  filled  compared  to 
the  distal  half,  and  the  constriction  will  be  centered 
somewhat  distal  to  the  middle  of  the  cuff.  This  is  veri- 
fied by  pressure  recordings  made  by  Freis  and  Sappington 
and  was  also  observed  in  the  distensible  tube  experiments 
performed  in  this  investigation. 

The  complete  passage  of  the  pulse  wave  under  the 
cuff  is  simply  a filling  of  the  shut  artery  once  the  ar- 
terial pressure  is  of  sufficient  magnitude  to  overcome 
the  cuff  pressure.  Approximate  values  of  the  filling 
velocity  were  measured  to  be  less  than  half  the  value  of 
normal  pulse  wave  propagation  velocities.  Therefore, 
there  will  be  some  distortion  of  the  pulse  contour  due 
to  build-up  of  the  front  of  the  wave.  The  amount  of 
build-up  is  dependent  on  the  relative  values  of  this  fill- 
ing velocity  to  the  normal  wave  propagation  velocity  and 
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also  on  the  shape  of  the  undistorted  pressure  pulse. 
Calculations  show  that  the  build-up  may  range  between  0 
and  40  mm  Hg. 

When  the  pulse  wave  finally  emerges  past  the  dis- 
tal end  of  the  constriction,  the  first  Korotkoff  sound 
can  be  heard  using  a stethoscope  placed  over  the  brachiaJ 
artery  just  distal  to  the  cuff.  The  emerging  pulse  wave 
will  appear  as  a step  pulse,  the  magnitude  of  which  is 
the  difference  in  pressure  between  the  emerging  wave  and 
the  undisturbed  blood  in  the  lower  arm.  It  is  the  sudden 
radial  movement  of  the  distal  artery  responding  to  this 
pressure  step  which  produces  the  sounds.  Values  for  this 
pressure  difference  range  from  about  80  mm  Hg  for  cuff 
pressures  near  systolic  to  0 mm  Hg  during  the  muffling 
sound  phase.  This  step  shape  of  the  emerging  wave  is 
evident  in  recordings  made  by  Freis  and  Sappington . The 
pulse  wave  can  now  be  considered  a pressure  step  with 
propagation  and  flow  velocities  which  are  functions  of 
the  pressures  across  the  step  and  the  properties  of  the 
surrounding  arterial  wall.  The  pressure  in  the  undisturbed 
fluid  ahead  of  this  wave  remains  constant,  but  the  pressure 
behind  the  step  is  dependent  on  continuity  considerations 
due  to  the  amount  of  flow  past  the  constriction  and  to 
the  expansion  of  the  arterial  radius  caused  by  the  in- 
creased pressures.  If  the  artery  quickly  shuts  again 
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due  to  prepondering  cuff  pressures  and/or  the  arterial 
walls  expand  sufficiently,  the  existence  of  the  step 
pulse  is  short  lived,  and  it  diminishes  rapidly.  This 
is  the  case  for  cuff  pressures  near  systolic,  and  the 
sounds  cannot  be  heard  an  appreciable  distance  past  the 
cuf  f . 

The  structure  of  sound  recordings  are  greatly 
influenced  by  the  filtering  and  the  responses  of  the  re- 
cording instruments,  sometimes  leading  to  erroneous  con- 
clusions concerning  the  sound  producing  mechanisms.  By 
using  high  pass  filters  as  was  done  in  this  investigation, 
the  Korotkoff  sounds  were  separated  into  two  components: 
sharp  initial  spikes  and  subsequent  smaller  amplitude 
noise-like  vibrations.  When  correlated  with  Korotkoff 
sounds  heard  by  using  a stethoscope,  the  spikes  corresponded 
to  the  initial  thumping  sound  and  the  noise-like  vibrations 
corresponded  to  the  subsequent  murmur.  By  filtering  intra- 
arterial pressure  recordings  made  distal  to  the  cuff, 

Tavel  et  al_.  (1969)  obtained  signals  that  appeared  at  the 
same  time  sequence  and  were  almost  identical  in  structure 
to  sound  recordings  made  simultaneously  over  the  ante- 
cubital  fossa.  Beam  (1968)  sharpened  the  structure  of 
sound  recordings  of  pressure  pulses  just  by  shortening  the 
length  of  the  stethoscope  tubing  through  which  he  was  re- 
cording. 
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In  an  analog  study  related  to  this  investigation, 
a saw-tooth  like  signal  simulating  the  emerging  pressure 
pulse  was  filtered  through  circuits  modeling  the  frequency 
responses  of  a typical  stethoscope  and  the  cuff  micro- 
phone used  in  this  investigation.  The  output  of  the  sig- 
nal from  the  circuit  simulating  the  cuff  microphone  re- 
sponse was  very  much  like  the  actual  cuff  microphone  out- 
puts of  this  investigation.  The  above  evidence  supports 
the  fact  that  the  thumping  sound  is  produced  by  the  pas- 
sing pressure  pulse  and  that  the  differences  in  the  sig- 
nal outputs  obtained  by  the  various  investigators  are  due 
to  the  differences  in  the  responses  of  the  recording  equip- 
ment . 

A murmur  sound  subsequent  to  the  thumping  sound 
dictates  the  onset  of  the  second  phase  of  the  Korotkoff 
sounds.  This  sound  can  be  heard  clearly  using  a stetho- 
scope and  has  been  observed  in  filtered  sound  recordings 
in  this  investigation.  It  was  also  observed  that  stenotic- 
ally  produced  murmurs  occur  at  critical  jet  flow  veloci- 
ties which  are  dependent  on  unconstricted  tubing  size  and 
fluid  viscosity.  This  murmur  is  produced  by  a turbulent 
jet  which  forms  past  the  constriction.  A theoretical 
analysis  indicated  that  a Kel vin-Helmholtz  type  instability 
was  produced  at  the  interface  between  the  high  velocity 
jet  and  the  surrounding  undisturbed  fluid,  the  growth  rate 
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of  which  was  proportional  to  the  velocity  difference  be- 
tween the  jet  and  surrounding  fluid.  From  the  experimental 
analysis,  there  also  seems  to  be  a maximum  constricted  to 
unconstricted  cross- sect ional  area  rat io  for  which  the  jet 
will  form.  The  theory  only  hints  at  this  occurring  be- 
cause the  actual  reasons  for  the  occurrence  are  due  to 
viscous  effects  and  spreading  of  the  jet,  neither  of  which 
is  included  in  the  theoretical  analysis.  In  the  case  of 
the  murmur  component  of  the  Korotkoff  sounds,  if  the  flow 
velocity  past  the  constriction  and  the  ratio  of  the  areas 
of  the  constricted  to  unconstricted  artery  meet  the  cri- 
teria for  a sufficient  length  of  time  for  the  turbulent 
jet  to  form,  the  murmur  sounds  will  be  heard.  From  the 
recordings  of  the  Korotkoff  sounds,  the  murmur  appears 
between  .01  to  .02  second  after  the  passage  of  the  pulse. 
The  distensible  tube  studies  showed  audible  jets  to  become 
fully  developed  in  less  than  .04  second.  In  this  investi- 
gation critical  velocities  of  about  120  cm/sec  were  neces- 
sary to  produce  murmur  sounds  in  constricted  tubing  the 
size  of  the  brachial  artery.  From  the  stability  analysis 
velocities  of  120  cm/sec  will  cause  disturbances  to  grow 
about  55  times  their  original  size  after  .02  second. 
Chungcharoen  (1964)  has  measured  72  to  132  cm/sec  velocity 
jets  accompanying  the  murmur  component  of  Korotkoff  sounds 

Data  from  Sacks  et  al . (1971)  show  that 


in  dog  arteries. 
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a critical  jet  velocity  of  99  cm/sec  was  necessary  to 
produce  audible  murmurs  in  the  aorta  of  a dog.  There- 
fore, the  theoretical  analysis  indicates  that  the  growth 
of  the  jet  instability  is  dependent  on  the  velocity  cri- 
teria, and  the  experimental  analyses  performed  in  tubing 
and  on  animals  show  that  a turbulent  jet  accompanying 
murmur  sounds  both  occur  simultaneously  at  a critical  jet 
velocity . 

The  reason  that  the  murmur  sounds  do  not  always 
show  up  on  recordings  but  can  clearly  be  heard  is  due  to 
filtering  and  the  response  of  the  ear.  Murmur  or  jet 
sounds  generally  have  low  amplitude  high  frequency  com- 
ponents, especially  when  compared  to  the  frequency  spectrum 
of  the  sounds  produced  by  the  pulse  wave  in  the  Korotkoff 
sounds.  Recording  equipment  with  a flat  response  would 
not  show  the  small  signals  produced  by  the  murmur  when 
compared  with  the  much  larger  amplitude  signals  of  the 
thumping  sounds.  On  the  other  hand,  recordings  using  a 
200  Hz  roll-off  high  pass  filter  will  accentuate  the 
higher  frequency  sounds  and  filter  out  the  large  amplitude 
low  frequency  components  of  the  thumping  sounds.  For  that 
reason,  the  jet  sounds  are  more  evident  in  these  recordings. 
From  a plot  of  the  response  of  the  ear  (see  Figure  3-2), 
it  can  be  seen  that  the  ear  is  most  sensitive  at  higher 
frequencies  and  would  respond  more  like  the  filtered 
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instruments.  Therefore,  the  murmur  sounds  are  easily 
distinguishable  by  the  ear,  although  they  are  not  always 
evident  in  recordings. 

As  mentioned  earlier,  at  cuff  pressures  near  sys- 
tolic, the  artery  is  open  for  only  a short  period  of  time 
(depending  on  the  pressure  contour),  and  there  would  not 
be  enough  time  for  development  of  a jet,  even  though  the 
flow  velocities  would  be  sufficient.  The  velocities  are 
governed  by  the  pressure  difference  across  the  "shock,"  and 
at  near  systolic  cuff  pressures  this  difference  would  be 
the  greatest,  although  it  diminishes  the  quickest.  Calcu- 
lations from  the  "shock"  theory  indicate  that  a pressure 
difference  across  the  pulse  of  about  30  mm  Hg  is  needed 
to  produce  velocities  which  satisfy  the  criteria  for  sound 
production.  This  critical  pressure  difference  predicted 
by  the  theory  is  in  complete  agreement  with  the  pressure 
conditions  existing  during  the  murmur  phase  of  the  Korotkoff 
sounds . 

Korotkoff  sound  intensity  has  been  measured  to  be 
greatest  during  the  second  phase  or  shortly  afterwards. 

In  accordance  with  the  theory,  this  is  because  the  pressure 
step  is  still  large  and  there  is  sufficient  flow  behind  it 
to  sustain  it  with  little  diminution.  At  this  point  the 
sounds  can  be  deary  heard  several  centimeters  distal  to 
the  cuff  at  the  time  of  the  passage  of  the  wave. 
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The  last  sound  characteristic  to  be  discussed 
is  the  muffling  sound  of  the  fourth  phase.  Doppler  sig- 
nal detection  indicates  that  there  is  a major  reduction 
in  wall  movement  at  this  time  (McCutcheon  and  Rushmer , 
1967),  and  there  is  also  a large  drop  in  sound  amplitude 
when  heard  through  a stethoscope  or  recorded  by  a micro- 
phone. Cineangiograms  indicate  that  the  artery  never  com- 
pletely closes  at  this  point  (McCutcheon  and  Rushmer, 

1967).  Therefore,  by  the  analysis  of  this  investigation, 
the  step  pulse  no  longer  exists.  Investigations  studying 
the  development  of  a pulse  along  partially  constricted 
tubing  (Bramwell,  1925;  Beam,  1968;  Rudinger,  1970)  showed 
a sharp  front  build-up.  The  reason  for  the  wave  build-up 
and  steepening  is  due  to  the  geometry  of  the  constriction 
and  the  characteristics  of  the  arterial  wall.  In  accord- 
ance with  the  foregoing  analysis  that  the  sounds  are  the 
response  of  the  tissue  to  the  passing  pulse  wave,  this 
sharpened  wave  adds  frequency  components  to  the  existing 
wave  form  which  produce  audible  vibrations.  Therefore, 
at  the  beginning  of  the  fourth  phase  when  the  compression 
is  still  great  but  the  artery  does  not  close,  the  pulse 
wave  steepens  much  more  than  normal  producing  audible 
vibrations  which  can  be  heard  using  the  stethoscope.  The 
steepening  becomes  less  as  the  cuff  pressure  is  lowered, 
causing  the  frequency  components  of  the  pulse  to  become 
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inaudible  and  the  sounds  to  disappear. 

Pistol-shot  sounds  which  are  heard  over  major 
arteries  upon  passage  of  a sharp  pressure  pulse  are  very 
much  like  the  muffling  sounds.  Pistol-shots  are  present 
only  when  the  pulse  contour  has  a very  sharp  initial  rise 
and  have  been  known  to  disappear  in  persons  whose  pulse 
contour  has  become  less  steep  or  to  appear  after  the  ad- 
ministration of  drugs  or  heavy  exercise  which  steepen  the 
pulse  wave  (Lange,  et_  ad.).  Therefore,  the  muffling  sounds 
and  pistol-shot  sounds,  both  of  which  are  about  equal  in 
character  and  amplitude,  are  produced  by  the  same  phenomena. 
For  that  reason,  they  are  often  confused  during  blood 
pressure  measurements  leading  to  "zero  blood  pressure 
readings . " 

The  auscultatory  gap  will  be  mentioned  only  brief- 
ly because  none  were  encountered  in  this  analysis,  and, 
therefore,  could  not  be  studied  first  hand.  From  investi- 
gations analyzing  the  auscultatory  gap  (Ragan  and  Bordley, 
1941;  Rodbard  and  Margolis,  1957)  the  gap  is  most  often 
present  in  persons  having  hypertension  and/or  poor  peri- 
pheral circulation.  The  pulse  contour  of  these  individuals 
is  often  important  in  dictating  the  time  the  gap  appears. 
The  pulse  contour  of  hypertense  persons  exhibiting  the 
gap  usually  has  a flat  portion  or  shoulder  during  the 
initial  pressure  rise.  The  gap  usually  occurs  when  the 
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cuff  pressure  is  equal  to  the  arterial  pressures  of  this 
shoulder.  Using  the  hypotheses  set  forth  in  this  investi- 
gation for  the  mechanism  producing  the  Korotkoff  sounds, 
such  a shoulder  would  slow  down  the  pressure  build-up 
under  the  cuff  yielding  a small  pressure  step  emerging 
from  under  the  cuff.  This  sudden  diminution  of  sound  am- 
plitude could  be  mistaken  for  the  muffling  phase  or  not 
even  be  heard.  In  the  cases  of  poor  peripheral  circula- 
tion, the  distal  pressure  has  been  measured  to  increase 
up  to  15  mm  Hg  above  the  maximum  values  normally  attained 
(Ragan  and  Bordley,  1941).  This  also  results  in  a marked 
diminution  of  the  sounds  which  is  characteristic  of  the 


gap. 


CHAPTER  VII 


SUMMARY  AND  CONCLUSIONS 

In  the  preceding  chapter  experimental  and  theo- 
retical observations  have  been  brought  together  to  help 
account  for  the  origin  and  character  of  Korotkoff  sounds. 
To  briefly  recapitulate,  the  arterial  pressure  pulse  wave 
is  transformed  into  a step  wave  by  the  presence  of  the 
cuff.  The  cuff  pressure  sets  a limiting  value  on  the  min- 
imum arterial  pressure  passing  under  the  cuff.  There  is 
also  an  additional  pressure  build-up  at  the  front  of  the 
wave  as  it  forces  its  way  under  the  cuff.  The  reason  for 
this  is  that  the  filling  velocity  of  the  flow  under  the 
cuff  is  less  than  the  normal  pulse  wave  velocity,  causing 
the  rising  pressure  contour  to  build  up  at  the  front  of 
the  advancing  wave.  When  the  moving  pulse  emerges  from 
the  distal  end  of  the  cuff,  it  appears  as  a pressure  step 
rise  in  comparison  to  the  pressure  of  the  blood  lying  dis- 
tal to  the  cuff.  The  response  of  the  arterial  walls  to 
the  passage  of  the  step  pulse  contains  audible  vibrations 
which  can  be  heard  through  a stethoscope  and  are  labelled 
Korotkoff  sounds.  Acting  as  a "shock,"  the  wave  travels 
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at  speeds  and  produces  flow  velocities  which  are  depend- 
ent on  the  magnitude  of  the  pressure  rise.  Due  to  con- 
tinuity, the  sustenance  of  the  pressure  step  depends  on 
the  amount  of  fluid  behind  the  step  and  the  length  of 
time  the  artery  is  open.  In  the  case  of  the  first  Korot- 
koff  sounds  for  which  the  cuff  pressure  is  near  systolic, 
only  a small  part  of  the  pressure  pulse  passes  before  the 
artery  closes.  Therefore,  very  little  blood  passes  under 
the  cuff,  and  the  pressure  step  and  accompanying  high  flow 
velocities  quickly  diminish.  For  that  reason,  the  early 
sounds  are  very  weak  and  can  only  be  heard  short  distances 
past  the  cuff. 

As  the  cuff  pressure  is  lowered,  the  step  pulse 
can  travel  a longer  distance  before  diminishing,  resulting 
in  louder  sounds  being  heard  further  from  the  distal  edge 
of  the  cuff.  Once  the  artery  remains  open  longer  than 
about  .02  second  and  the  pressure  drop  across  the  wave 
front  is  sufficient  to  produce  the  blood  velocities  neces- 
sary for  turbulent  jet  formation,  the  subsequent  murmur 
sounds  can  be  heard.  This  is  the  second  phase.  Persons 
who  lack  the  murmur  component  usually  have  poor  peripheral 
circulation,  which  causes  the  pressure  in  the  lower  arm  to 
be  higher  than  normal;  this  accounts  for  a smaller  pressure 
drop  across  the  step  wave  and  thus  subcritical  flow  veloc- 


ities . 
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The  rate  of  deflation  is  very  important  in  deter- 
mining the  sound  amplitudes  and  duration  of  the  murmur 
phase.  During  deflation,  the  lower  artery  is  being  filled 
causing  the  arterial  pressure  distal  to  the  cuff  to  in- 
crease. The  amplitude  of  both  the  spike  and  jet  components 
of  the  Korotkoff  sounds  are  dependent  on  the  magnitude  of 
the  pressure  rise  across  the  travelling  pulse.  This  pres- 
sure rise  is  lessened  by  lowering  the  cuff  pressure  (thus 
lowering  the  emerging  arterial  pressure),  or  by  increasing 
the  pressure  in  the  lower  arm.  Either  of  these  factors 
can  decrease  the  flow  velocities  to  the  point  where  turbu- 
lent jet  production  is  no  longer  possible  and  the  second 
phase  ends. 

With  continued  lowering  of  the  cuff,  the  third 
phase  can  be  heard  as  long  as  part  of  the  artery  under  the 
cuff  shuts  completely  before  the  passing  of  the  next  pres- 
sure pulse.  When  the  cuff  pressure  is  lowered  to  about 
10  mm  Hg  above  diastolic,  the  pressure  and  flow  in  the 
artery  are  sufficient  to  keep  the  artery  continuously  open 
under  the  cuff.  Thus,  the  pressure  step  no  longer  forms, 
and  the  sounds  greatly  diminish  in  amplitude  or  even  dis- 
appear. This  is  the  onset  of  the  fourth  or  muffling  phase 
which  is  often  associated  with  the  diastolic  pressure. 

The  only  reason  that  sounds  may  be  heard  at  this  time  is 
that  the  pulse  wave  sharpens  due  to  the  narrowing  of  the 
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artery  by  the  cuff.  The  contour  of  the  sharpened  wave 
may  still  cause  the  arterial  walls  to  vibrate  at  audible 
frequencies,  although  the  amplitude  of  vibration  has 
greatly  diminished  and  will  become  even  less  with  con- 
tinued lowering  of  the  cuff  pressure.  The  point  at  which 
the  sounds  disappear  (fifth  phase)  depends  on  the  contour 
of  the  steepened  pulse,  the  stethoscope  acoustics,  and 
the  threshold  of  hearing. 

Related  Cardiovascular  Sounds 


Now  the  mechanisms  producing  various  components 
of  Korotkoff  sounds  will  be  related  to  mechanisms  pro- 
ducing cardiovascular  sounds  produced  elsewhere  in  the 
circulatory  system.  The  sounds  to  be  discussed  in  partic- 
ular are  vascular  murmurs  and  pistol-shot  sounds. 

Although  vascular  murmurs  are  initiated  by  dif- 
ferent circumstances  than  those  causing  the  murmur  com- 
ponent in  Korotkoff  sounds,  the  actual  sound  producing 
mechanism  is  the  same;  that  is,  a jet  that  becomes  unstable 
at  a critical  velocity  producing  pressure  fluctuations 
which  vibrate  the  vessel  walls  at  audible  frequencies.  The 
ratio  between  constricted  and  unconstricted  area  must  be 
less  than  about  .6  for  the  jet  to  form  and  the  flow  rate 
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through  the  constriction  must  exceed  a critical  value 
for  the  jet  to  become  turbulent.  The  critical  velocities 
can  be  determined  empirically  for  given  artery  and  vein 
sizes.  Once  the  critical  velocities  for  various  sized 
vessels  is  known,  the  constriction  area  can  be  determined 
noninvasively  by  measuring  the  flow  proximal  to  the  con- 
striction (using  a Doppler  flow  detector)  and  listening 
for  sounds  distal  to  the  stenosis. 

Pistol-shot  sounds  are  produced  by  the  same  mech- 
anism that  produces  the  fourth  phase  of  Korotkoff  sounds-- 
the  response  of  the  arterial  wall  to  a sharper  than  usual 
pulse  wave.  The  pulse  wave  form  producing  pistol-shot 
sounds  is  produced  by  the  action  of  the  aortic  valve  and 
the  heart,  whereas  the  wave  form  producing  Korotkoff  sounds 
is  generated  by  the  geometry  of  the  constricted  artery 
under  the  cuff. 

Now  that  the  mechanism  producing  Korotkoff  sounds 
is  understood,  statements  can  be  made  on  (1)  the  accuracy 
of  the  auscultatory  method  and  the  measures  that  can  be 
made  to  improve  it  and  (2)  an  improvement  on  present 
sphygmomanometric  methods. 

Accuracy  of  the  Auscultatory  Method 

Since  the  existence  of  each  Korotkoff  sound  depends 
on  the  opening  and  closing  of  the  artery  due  to  the 


137 


transmission  of  cuff  pressure,  the  single  controllable 
element  that  has  the  greatest  effect  on  the  accuracy  of 
noninvasive  blood  pressure  measurement  is  the  pressure 
exerted  on  the  artery  by  the  cuff.  The  cuff  pressure 
should  ideally  affect  the  artery  in  such  a way  that  with 
slow  deflation  of  the  cuff,  the  first  pulse  wave  to  pass 
completely  under  the  cuff  should  occur  at  a cuff  pressure 
equal  to  systolic,  and  the  last  wave  to  pass  under  the 
cuff,  before  which  the  artery  is  shut,  should  occur  at  a 
cuff  pressure  equal  to  diastolic.  Thus,  the  onset  of  the 
first  and  fourth  phases  would  coincide  with  cuff  pressures 
equal  to  systolic  and  diastolic,  respectively. 

The  accuracy  of  the  systolic  reading  is  dependent 
almost  entirely  on  the  distribution  of  the  cuff  pressure 
in  the  arm.  Ideally,  persons  should  be  fitted  with  cuffs 
sized  to  their  arm  dimensions.  This  is  especially  impor- 
tant in  children,  for  whom  accurate  blood  pressure  read- 
ings are  difficult  to  obtain.  The  cuff  must  be  long  enough 
so  that  at  least  about  2 cm  of  the  artery  under  the  cuff 
feel  the  full  effect  of  the  cuff  pressure;  but  it  must  be 
short  enough  so  that  the  first  systolic  pulse  can  pass 
completely  under  the  cuff  without  being  "trapped"  at  both 
ends  due  to  an  unduly  long  cuff.  The  accuracy  of  the  dia- 
stolic reading  depends  on  several  factors.  It  is  still 
being  disputed  whether  the  onset  of  the  fourth  or  fifth 
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phase  should  be  used  as  the  criteria  for  the  diastolic 
index.  The  onset  of  the  fourth  phase  occurs  at  cuff 
pressures  which  are  above  diastolic  by  an  amount  depend- 
ent on  the  cuff  pressure  distribution  on  the  underlying 
artery  and  on  the  upstream  pulse  contour.  The  advantage 
of  using  the  onset  of  the  fourth  phase  for  the  diastolic 
index  is  that  the  results  are  reproducible.  The  onset 
of  the  fifth  phase,  on  the  other  hand,  generally  yields 
diastolic  readings  which  are  sometimes  too  low,  although 
the  readings  are  more  accurate  than  those  obtained  using 
the  fourth  phase.  Factors  which  affect  the  complete 
disappearance  of  sounds  are  the  distribution  of  cuff  pres- 
sure, the  pulse  contour  before  and  after  the  constriction, 
the  contriction  geometry  and  arterial  wall  characteristics, 
the  response  of  the  stethoscope  and  ear,  and  the  ambient 
noise  conditions.  Because  there  are  so  many  factors  in- 
volved, the  results  are  not  always  reproducible.  Also, 
the  presence  of  pistol-shot  sounds  will  complicate  the 
problem  if  the  fifth  phase  is  used  as  the  criteria  for 
diastolic . 

The  systolic  and  diastolic  readings  can  ultimately 
only  be  as  accurate  as  the  amount  of  deflation  per  heart- 
beat. Usually  the  systolic  will  be  low  by  this  amount, 
which  will  be  called  the  deflation  error. 

From  the  insight  acquired  from  understanding  the 
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sound  producing  mechanism,  several  techniques  can  be  used 
to  improve  the  accuracy  of  auscultatory  blood  pressure 
measurements.  Since  the  transmission  and  distribution  of 
the  cuff  pressure  is  very  important  in  determining  the  ac- 
curacy of  the  systolic  and  diastolic  readings,  the  cuff 
must  be  tightly  wrapped  around  the  upper  arm  to  insure 
that  the  underlying  brachial  artery  feels  the  full  effects 
of  the  inflation  and  deflation  pressures.  In  this  way, 
one  can  be  better  assured  that  the  step  pressure  wave  will 
be  formed  at  the  correct  cuff  pressures,  provided  the 
right  cuff  length  is  used.  In  order  to  produce  louder 
Korotkoff  sounds  which  will  make  determination  of  the  blood 
pressure  easier,  the  pressure  in  the  lower  arm  must  be 
made  as  low  as  possible,  so  that  the  travelling  step  pulse 
will  have  a larger  amplitude  producing  louder  sounds.  This 
can  be  achieved  by  first  rapidly  inflating  the  cuff  to 
avoid  accumulation  of  blood  in  the  lower  arm.  After  the 
artery  is  shut  by  the  cuff,  the  hand  should  be  open  and 
closed  several  times  to  better  distribute  the  blood  in 
the  forearm,  lowering  the  blood  pressure  in  that  region. 

The  cuff  pressure  should  be  lowered  at  a slow  rate  of  about 
2-3  mm  Hg  per  heartbeat  to  reduce  the  deflation  error. 

Since  the  actual  diastolic  usually  coincides  with  a cuff 
pressure  between  the  onset  of  the  fourth  and  fifth  phases, 
readings  at  both  points  should  be  recorded  so  that  the 
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range  of  accuracy  of  the  diastolic  reading  will  be  known. 

Improvement  on  Present  Sphygmomanometric  Methods 

The  purpose  of  this  section  is  to  make  an  improve- 
ment on  the  present  methods  of  measuring  indirect  blood 
pressure  based  on  the  underlying  principles  involved  in 
cuff  application.  The  purpose  of  the  cuff  is  to  act  as 
a "gate"  which  only  allows  the  blood  having  higher  pres- 
sures than  the  cuff  to  pass  into  the  lower  arm.  During 
the  portion  of  deflation  for  which  the  "gate"  opens  and 
closes,  distinct  sounds  occur  which  indicate  that  the  cuff 
pressure  is  passing  through  the  range  of  the  individual's 
blood  pressure.  The  only  problem  is  that  in  order  to  ob- 
tain accurate  readings,  the  cuff  should  be  longer  for  the 
diastolic  readings  than  for  the  systolic  readings.  This 
is  because  the  diastolic  readings  obtained  are  generally 
too  high.  Part  of  this  problem  stems  from  the  fact  that, 
as  the  pressure  in  the  lower  arm  increases  due  to  filling, 
it  pushes  under  the  cuff,  reducing  the  length  of  the  closed 
section  of  the  artery.  To  date,  most  of  the  problems  in 
indirect  pressure  measurement  arise  due  to  occurrences  be- 
low the  cuff,  such  as  pistol-shot  sounds,  the  auscultatory 
gap,  determination  of  the  end  of  muffling,  or  merely  weak- 
ness of  sounds.  If  the  sensing  of  the  pulse  could  be  made 
upstream  of  this  region,  the  problem  would  be  simplified. 
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The  transcutaneous  Doppler  flow  detector  has  been  used 
to  measure  large  wall  movements.  Therefore,  if  this  in- 
strument were  placed  upstream  of  the  center  of  the  cuff, 
at  a point  where  the  distal  conditions  would  not  inter- 
fere, the  passage  of  the  pulse  under  the  cuff  would  be 
detected  rather  than  the  slower  radial  expansion  of  the 
filling  artery.  Thus,  during  the  period  when  the  artery 
never  shuts,  coinciding  with  the  fourth  phase  of  sounds, 
no  signals  would  be  picked  up.  The  Doppler  flow  detector 
could  be  positioned  under  the  cuff  at  a point  about  2 cm 
downstream  of  where  the  full  effect  of  cuff  pressure  is 
just  being  felt  by  the  artery.  A long  cuff  must  be  used 
because  the  detector  must  still  be  positioned  in  the  upper 
half  of  the  cuff  and  normally  the  point  where  the  cuff  pres- 
sure can  be  best  felt  occurs  just  downstream  of  the  mid- 
point of  the  cuff.  Various  sized  cuffs  are  no  longer  nec- 
essary because  the  flow  detector  can  be  moved  to  a position 
under  the  upper  half  of  the  cuff  that  is  optimal  with  re- 
spect to  arm  circumference.  Using  information  from  inves- 
tigations of  cuff  pressure  distribution  (Freis  and  Sapping- 
ton;  Steinfield  et  aJ. , 1974),  the  optimal  distance  from  the 
proximal  end  of  the  cuff  for  such  a detector  set  forth  by 
the  criteria  of  this  dissertation  is  about  .75  times  the  arm 
diameter.  By  using  the  set-up  just  mentioned  and  the  applic- 
able accuracy  improvement  techniques  mentioned  earlier,  one 
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should  obtain  the  most  consistently  accurate  indirect 
blood  pressure  readings  to  date. 

Concluding  Remarks 

The  goal  accomplished  in  this  investigation  was 
the  determination  of  the  mechanism  producing  Korotkoff 
sounds.  The  first  part  of  the  problem  dealt  with  the 
relation  of  arterial  pressure  to  cuff  pressure  in  the 
passage  of  the  pulse  wave  under  the  cuff.  This  is  strictly 
a problem  in  sphygmomanometry , and  all  conclusions  derived 
from  it  can  be  confidently  used  to  explain  physiological 
phenomena  induced  by  sphygmomanometric  techniques.  These 
techniques  are  now  becoming  very  popular  in  determination 
of  the  severity  of  peripheral  arterial  occlusion  (Yao 
et  al . , 1972;  Johnston  and  Kakkar,  1974). 

Determination  of  the  sound  producing  mechanism  has 
made  the  relation  between  sphygmomanometry  and  ausculta- 
tion clearer,  and  a more  conclusive  evaluation  of  the  aus- 
cultatory method  of  blood  pressure  measurement  has  been 
made.  Finally,  vascular  murmurs  have  been  linked  to  part 
of  the  sound  generating  mechanism,  and  criteria  for  the 
onset  of  vascular  murmurs  have  been  established,  which  is 
of  clinical  importance  in  the  determination  of  the  severity 
of  stenoses  producing  sounds  in  the  cardiovascular  system. 
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